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Abstract
This paper proposes a statistical approach to analyze the mechanical properties of a standard test specimen, of cylindrical
geometry and in steel 4340, with a diameter of 6 mm, heat-treated and quenched in three different fluids. Samples were evalu-
ated in standard tensile test to access their characteristic quantities: hardness, modulus of elasticity, yield strength, tensile
strength and ultimate deformation. The proposed approach is gradually being built (a) by a presentation of the experimental
device, (b) a presentation of the experimental plan and the results of the mechanical tests, (c) anova analysis of variance
and a representation of the output responses using the RSM response surface method, and (d) an analysis of the results and
discussion. The feasibility and effectiveness of the proposed approach leads to a precise and reliable model capable of pre-
dicting the variation of mechanical properties, depending on the tempering temperature, the tempering time and the cooling
capacity of the quenching medium.

Keywords Heat treatment in an oven - Tensile test - AISI-4340 - ANOVA - RSM

List of symbols
Ac;  Heating temperature at point A3 (°C)

Oven temperature (°C)

ORT Oven residence time (min)
HTC Heat transfer coefficient (W m™> K~})
Ra;, Rayleigh number

Nusselt number

Prandtl number

Thermal conductivity of the material (W m 'K
Surface temperature of the material (°C)
Ambient air temperature (°C)

Diameter of the specimen (mm)

Kinematic viscosity (m?s7h

Thermal diffusivity (m?s~")

Gravitational acceleration (m s~2)

Average temperature between T and T, (°C)
Biot number

Thermal transfer coefficient (W m™2 K1)
Specific heat (J kg=! K1)

Density (kg m™)
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Surface of the sample (m?)
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Offset yield strength (MPa)
Ultimate tensile strength (MPa)
Elongation at break (mm mm™")
Hardness, HRC (Rockwell C)
Prediction polynomial
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1 Introduction

Alloy steel 4340 is heat treatable steel. When it undergoes
a heat treatment it gets a strong robustness, strong tough-
ness, good ductility and immunity against embrittlement [1].
These many qualities allow it to be chosen as a premium
alloy in the aviation, marine and automotive industries [2].
It is found in crankshafts of the automotive sector and in the
marine environment, in the piston rods, the wheel shafts,
aircraft parts, the gears, mechanical parts of boreholes,
as well as in several other applications. When heated to a
temperature above the Ac; austenitization temperature, it
changes from a solid phase to another solid with notable
mechanical properties [3, 4]. This eutectic reaction plays a
very important role in its heat treatment with a maintenance
of the shape of its structure, during heating and cooling.
Oven heat treatment controls heating and cooling, by acting
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at the microstructure level of the material, by modifying the
mechanical properties, modifying physical properties such
as thermal and electrical conductivity and also change the
chemical properties like corrosion resistance [5]. This type
of heat treatment consists in varying the temperature of the
material by keeping it in the solid state. This time-dependent
variation of temperature is called a thermal cycle and con-
sists of a heating at a certain temperature above the Ac,
temperature, followed by a maintenance of the temperature
at a certain time, and finally a cooling at a certain speed of
well-defined cooling. Cooling is generally done in water,
oil or air [6].

Each cooling medium is characterized by a convective
heat transfer coefficient, which can be evaluated by empirical
correlations. For alloy steel 4340, the rapid cooling of the
austenite to a temperature below the critical value M causes
a fixation of the carbon atoms inserted in the gamma (y)
region. At the atomic scale, the structure becomes quadrati-
cally centered instantly. This new solid insertion solution is
called martensite and its formation is related to the rate of
cooling of the heat-treated material in the oven. The cooling
rate must be greater than the critical speed of the marten-
sitic quench which is of the order of 8 °C s~! for the alloy
steel 4340. It is obvious that this condition depends on the
thermal conductivity of the metal, the shape and dimensions
of the material, and also the cooling capacity of the quench-
ing medium [7]. In practice, after quenching, samples are
returned to the oven in order to eliminate the intermolecular
tensions of the rapid cooling which weakens the material.
And also to obtain a change in mechanical properties by a
change in the microstructure of the material. At the scale of
the microstructure, after cooling, a mixture of martensite,
residual austenite, bainite and carbides is obtained. While
during the tempering this martensite turns into ferrite and
the carbides and residual austenite turns into martensite and
bainite.

A standard test specimen of a diameter of 6-mm in alloy
steel 4340 can be considered as a thin body because it has
a Biot number of less than 0.1 (number that compares heat
transfer resistances inside and on the surface of the sample).
This makes it possible to evaluate the cooling power of the
quenching medium by using the approximation of the uni-
form temperature at any point of the sample. To determine
the elastic behavior of a material and to measure its degree
of tensile strength one can perform a tensile test which is a
physics experiment in a uniaxial stress state. For metallic
materials such as 4340 steel, the reference standard for a
tensile test is ASTM ES8 (Standard test methods for tension
testing of metallic materials) which generally defines the
shape and dimensions of the specimen, the loading speed
and the calibration of the machine [8—10]. This test provides
the values of the mechanical properties of a material such
as the longitudinal modulus of elasticity, the Poisson’s ratio,

@ Springer

the yield strength, tensile strength and elongation at break.
An empirical correlation between Brinell hardness and S
tensile strength for low-work hardening alloys such as steels,
aluminum alloys and titanium alloys was formulated by Dat-
sko et al. in 2001. To estimate the accuracy of the results,
Datsko et al. compared the experimental values and the esti-
mated values of S,. The error obtained was weak and did
not exceed 10% in most of the prediction cases. It has been
shown that this method of predicting the value of S, from the
value of hardness is easy to use and can be applied to a wide
range of materials [11]. In the field of martensitic quenching,
an interesting but untapped prediction using experimental
analysis of the mechanical properties of AISI-4340 steel
was developed in this study. The proposed approach allows
for prediction and control based on oven heat treatment
parameters: the variation in mechanical properties (hard-
ness, yield strength, tensile strength and elongation at break)
for a 4340-alloy steel specimen with a cylindrical geometry
and a diameter of 6-mm. The approach is built progressively
by a presentation of the experimental setup, a presentation
of the experimental design and mechanical test results, an
Anova variance analysis and a representation of the output
responses using the response surface method. RSM, and an
analysis of the results and discussion.

2 Experimental Procedure
2.1 Experimental Setup

The experimental tests were carried out on standard test
specimens in 4340 steel and cylindrical geometry, with a
diameter of the calibrated portion of 6-mm. Figure 1 shows
the dimensions of the specimen studied according to ASTM
E8.

The samples were prepared, and heat treated in oven.
The oven was set at a temperature of 900 °C, who is the
eutectoid temperature of 4340 alloy steel, before receiv-
ing the samples. Once in the oven, the samples remained

~

Fig.1 3D visualization of the geometry of the specimen
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there for 20-min to reach the austenitic phase, then cooled
in groups of three in air, oil and water. After quench-
ing, the samples received a tempering at three different
heating temperatures (300, 500 and 650 °C) and three
different residence time in the oven (30, 60 and 90-min).
After the heat treatment in the oven, the samples are
carefully prepared, polished and etched using a Nital
chemical solution (95% ethanol and 5% nitric acid). The
hardness profiles were characterized by microhardness
measurements programmed using the Clemex machine,
and by macrohardness measurements using the Wilson-
Rockwell-574 machine, with the Rockwell-C as a unit of
measure for hardness.

Subsequently, they were subjected to tensile tests to
evaluate their mechanical properties after quenching
and tempering. Tensile tests were carried out using the
MTS-810 tensile testing machine, which is an automated
machine used to develop and qualify the use of materials.
With a total load in tension, up to 100-kN. The flexibil-
ity of the configuration of this automatic tensile testing
machine allows a variety of applications and centralized
management of test results using the MTS TestWorks pro-
gram. Once the specimen is in place, a displacement of
the span is carried out which has the effect of stretching
the specimen, and the force generated by this displace-
ment is measured. The movement is done by a hydraulic
piston system and the effort is measured by a force sen-
sor inserted into the load line. The tensile load applied
in our experiments was between 28- and 50-kN, with a
strain rate of 0.015-min~! [8]. At each increment of load,
a measurement is taken by a displacement measuring sen-
sor which makes it possible to accurately evaluate dis-
placements. The test stops at the rupture of the specimen.
Figure 2 shows the flow chart of the experimental tests.

Cooling in air | --—-—-—-—

Cooling in water | —-—-—-—--

Fig.2 Description of the experimental device

- B ——>  Coolinginoil ---> 'LTempering | —>

Table 1 Factors and levels of experience planning

Factors Levels

300, 500 and 650
30, 60 and 90
Air, oil and water

Temperature (°C)
Oven residence time (min)
Heat transfer coefficient (W m™2 K™")

2.2 Experimental Design

To predict the mechanical properties of a material, using
experimental modeling, it is essential to have relevant tests
to adequately represent these characteristics according to
the parameters of the test. To obtain results validating a
model with as few tests as possible, it is essential to define
an ordered sequence of experimental tests using an experi-
mental design. This will collect new information by con-
trolling one or more input parameters. Because of its effi-
ciency and simplicity, factorial design is generally the most
commonly used model for selecting values for each factor
by simultaneously varying all factors. This type of experi-
ment makes it possible to study the effect of each variable
on the process, but with many tests that can then become
very large. To avoid having to end up with a considerable
number of tests to be carried out, it is essential to determine
through a Taguchi experience plan the parameters of the
optimal control factors that make the process more robust,
more resistant, with a more efficient performance, consist-
ent and statistically significant data in a minimum number
of tests [12, 13]. In the case of furnace heat treatment, it is
important to avoid the non-transformation of the steel and
the melting of the surface layer of the material.

The experimental tests begin by defining the low and
combined levels of the three factors used (oven tempera-
ture, oven residence time, and cooling medium) to ensure
that these conditions are met. Table 1 shows the factors and
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levels used in the planning of experiments. As a result, three
factors with three levels are considered. They are continuous
and linked to oven tempering temperature (7), residence time
(ORT) and convection heat transfer coefficient (HTC). The
oven temperature in °C, the residence time in minutes and
the coefficient of heat transfer by convection in W m= K~
are considered as input parameters. The design that answers
this problem is an Ly matrix corresponding to nine tests.
Each test consists of following the experience methodology
detailed in Fig. 2. The mechanical properties are determined
by examining the tensile test results on the MTS machine
(modulus of elasticity, yield strength, tensile strength, and
ultimate strain) and examining the cross-sectional area of
the samples to determine the average value of the hardness
by measuring the microhardness.

The results obtained from the Taguchi Ly matrix were
exploited using the contributions and the average effects of
each factor on the final response. The percentage contribu-
tion of a single factor reflects the total variation observed in
the experience attributed to this factor, and from the interac-
tions between the factors.

2.3 Cooling Rate According to the Quenching
Medium

In this study, the coefficient of heat transfer by convection
was estimated according to the quench medium and using
the empirical correlation formulated by Churchill et al. [14].
This correlation, which is adapted to scientific computing,
involves the adimensional number of Nusselt (Eq. 1), Prandtl
(Eq. 2) and Rayleigh (Eq. 3). And it is valid only for a Ray-
leigh number less than 102,

N, =" D

up

8/27\ \ 2
9/16
_ (0.6 + <0.387 Ra})/é/(l +(055%p) ) >>

ey
The number of Prandtl which characterizes the ratio between
the kinematic viscosity & and thermal diffusivity a is given
by Eq. (2). And the Rayleigh number that characterizes the
heat transfer within a fluid, is given by Eq. (3). With T} the
average between the surface temperature of the solid 7§ and
the initial temperature of the cooling bath T, and D the
diameter of the calibrated portion of the sample.

Pr= '9/ o 2

Rap =8/ . 9. (T~ T) - D’ 3)

Equation (4) presents the adimensional number of Biot.
For a specimen of diameter 6-mm and steel AISI-4340, the

@ Springer

number Bi< 0.1 therefore we can consider that the body is
thermally thin and we can then use the approximation of
the uniform temperature to study the evolution over time of
temperature.

Bi=""1/, )

Equation (5) presents the thermal balance and Eq. (6) pre-
sents the evolution of the sample temperature according to
the convective heat transfer coefficient (Eq. 1), the geometric
and thermal parameters of the material.

h-S-(TS—Too)=—p-Cp-V-de/dt (5)

T = (T, - T,) 'eXp(—h'S‘f/p.cp . V) +T, (6

Figure 3a shows the evolution of sample temperature accord-
ing to time and cooling medium. For 4340 steel, there is
a critical fast cooling rate, which gives rise to the forma-
tion of a completely martensitic structure, and which is
of the order of 8.3 °C s™'. We see in Fig. 3, by superposi-
tion with the 4340-steel cooling curve, that cooling in cold
water (160 °C s71), in oil (70 °C s7!) and in the air blown
(20 °C s~") will provide a fully martensitic structure. While
cooling in the open air (2 °C s~!) will provide a mix between
martensite and bainite. Figure 3b shows the value of the
average hardness of the samples according to the quenching
medium. These values were obtained by measurements of
the micro-hardness of the surface at the center of the radial
section of the cylinder, by cooling batch, and by repetition
(X3) of the tests for a good statistical significance. Austen-
itization was performed at a temperature of 900 °C for a
period of 20-min followed by cooling in three different fluids
(water, oil and air).

Figure 4 shows a microscopic visualization with mag-
nification (xX2000) of the observed microstructure. Fig-
ure 4a shows a completely martensitic structure with a low
percentage of residual austenite observed for the majority
of samples that received cooling in water and in oil. And
Fig. 4b shows a structure composed of martensite, bainite
and a small percentage of residual austenite observed for the
majority of samples that received cooling in air.

2.4 Measurements of Mechanical Properties

Table 2 presents the test grid with the results of the measure-
ments of the yield strength, the ultimate tensile strength, the
elongation at break, and the average hardness after temper-
ing. The average hardness was determined by examining the
cross-sectional area of the samples by microhardness testing.

Figure Sa—c shows the stress—strain curves of the tensile
tests of the experiment planning tests in Table 2, according
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Fig.4 Microscopic visualization. a Cooling in water and in oil. b Cooling in air

Table 2 L, orthogonal matrix
and experimental results

(b)

Tests Factors Reponses
T(°C) ORT (min) HTC Sy (MPa) S, (MPa) E. (%) H (HRC)
(Wm™2K™")

1 300 30 13 1417 1552 14.1 43.6
2 300 60 235 1497 1758 12.3 39.5
3 300 90 500 1519 1720 134 46.8
4 500 30 235 1143 1207 14.5 359
5 500 60 500 1124 1204 14.9 30.0
6 500 90 13 1027 1142 18.7 337
7 650 30 500 997 1059 15.0 319
8 650 60 13 865 996 17.5 28.1
9 650 90 235 1015 1142 22.0 30.9
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to the tempering temperature, the residence time in the oven
and quenching medium. Figure 5d shows the values of hard-
ness measurements, by test, before and after oven tempering.

We notice that, the higher the temperature of the oven is
high, and the longer the residence time in the oven is high,
more the load corresponding to ultimate tensile strength is
lower. So for an oven temperature of 300 °C and a residence
time in the oven of 30-min, the maximum breaking load
of our samples is 50-kN. And for an oven temperature of
650 °C and a residence time in the oven of 90-min, the mini-
mum breaking load observed is 28-kN.

It is also noted that the power of the quenching medium
after austenitization has an influence on the ultimate tensile
strength. This influence on the load corresponding to the ten-
sile strength is proportional to the coefficient of heat transfer
by convection of the quenching medium.

Regarding the hardness, it is noted that it is inversely pro-
portional to the temperature of the oven and the residence
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—
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T T T
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time in the oven. Its value changes from 45-HRC (Rockwell
C) for an oven temperature of 300 °C and a residence time
in the oven of 30-min, to 30-HRC for an oven temperature of
650 °C and a residence time in the oven of 90-min. It should
also be noted that the value of the hardness is proportional to
the coefficient of heat transfer by convection of the quench-
ing medium.

2.5 Analysis of Variance (ANOVA)

To determine the influence of model input parameters (7,
ORT, and HTC) on output responses (Sy, S, E.and H), and
thus quantify the decisions using hypothesis tests to know
if the variation is influenced by a single parameter, different
parameters or by a combination of parameters. An analysis
of variance (ANOVA) [15, 16] was performed which is a
widely used calculation technique to determine which design
parameter affects the variation of mechanical properties. The
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Fig.5 a Strain versus tensile stress for test 1, 4 and 7. b Strain versus tensile stress for test 2, 5 and 8. ¢ Strain versus tensile stress for test 3, 6

and 9. d Hardness before and after tempering
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Table3 ANOVA for S,

Table6 ANOVA for H

Characteristic df Contributions Sum of F value P value Characteristic df Contributions Sum of F value P value
(%) squares (%) squares
T 1 9114 418,704 106.28 0.001 T 1 79.96 265.24 249.39 0.040
HTC 1 3.71 17,062 4.33 0.083 ORT 1 0.00 0.01 609.74 0.026
Residual 6 5.15 23,638 - - HTC 1 0.56 1.85 4390 0.095
Total 8 100.00 459,404 - - T 1 4.27 14.17 151.69 0.052
ORT? 1 1276 42.32 598.98 0.026
Tx HTC 1 242 8.03 77.67 0.072
Table 4 ANOVA for S, ORT x HTC 1 0.01 0.02 0.30 0.680
Residual 1 0.02 0.08 - -
Characteristic df Contributions Sum of F value P value Total 8 100.00 33172 _ _
(%) squares
T 1 88.28 589,065 211.02 0.001
ORT ! 0.86 5766 1548 0029 and by the coefficient of heat transfer by convection (HTC)
H2TC ! 191 12,762 67.09  0.004 with a percentage of contribution of approximately 3.7%.
T " ! 6.10 40,730 10931 0.002 The tensile strength S, in turn, is influenced mainly by the
HT(.: ! 2.67 17,806 41.79 0.006 temperature of the oven (7) with a percentage of 94%, as
Residual 3017 1118 - - well as by the other parameters with a contribution percent-
Total 8 100.00 667,247 - - age of about 5%
Analysis of variance showed that the total elongation at
break E, is influenced mainly by oven temperature (7) and
Table 5 ANOVA for E, oven residence time (ORT) and a combination of tempera-
Characteristic df Contributions Sum of Fvalue P value ture and residence time, Wlth a total contribution percent.age
(%) squares of about 87.7%. Regarding the hardness after tempering,
we note that it is influenced mainly by the oven temperature
r I 49.09 36.21 297.40 0003 with a percentage of 81.3% and a combination of the other
ORT I 2491 18.37 3389.920.001 parameters (HTC and ORT), including their iteration, with
HTCZ I 1142 8.42 4895 0.020 a total percentage about 18.5%. It was concluded, within the
ORT2 ! >-19 3.82 2063.910.001 range of parameter variation ranges that oven temperature,
HTC 1 0.86 0.63 1192 0.075 oven residence time, and convective coefficient of cooling
TX.ORT ! 8.54 6.30 3397.80 0.001 medium are significant for the 94% response value of the
Residual 2 ool 0.01 - - model. Figure 6 shows the effect of all parameters on the
Total 8 100.00 73.76 - -

parameter with the lowest contribution ratio is set to error
factor to capture only the main factor affecting the final
response. Generally, the ANOVA table contains the degrees
of freedom, the sum of the squares, the average square, the
value of P and the value of F. For each parameter studied,
the value of the variance ratio F was compared with the
values of the tables F standard.

Tables 3, 4, 5 and 6 present a variance analysis of the
respective responses for Sy, S, E,. and H using the general
stepwise method under the terms of order 1 for S, and the
term order 2 for S, E, and H. A value of P less than 5%
indicates that the corresponding factor (characteristic) has a
significant effect on the model response. It is noted that the
conventional elastic limit S, is influenced mainly by the tem-
perature of the oven (7), with a percentage of about 91.1%,

average response value. The results obtained confirm that
the value of the hardness, the Offset yield strength and the
ultimate tensile strength decrease with increasing oven tem-
perature, and that the elongation at break increases with the
temperature and the residence time in the oven. And that
the cooling medium has a significant effect on elongation
at break.

Equation (7) presents the formulation of the multiple lin-
ear regression model, ANOVA analysis of variance, between
the parameters used in the sensitivity study (7, ORT and
HTC) and the output results (S,, S, E, and H). The regres-
sion model was obtained using the Minitab statistical analy-
sis software (version 18). Table 7 shows the coefficients of
the multiple linear regression polynomial P of the four out-
put responses. The residual value squared (R?) of the regres-
sion polynomial is about 0.94, which is a value close to 1
(exact solution). Therefore, the responses of the prediction
polynomial to the experimental tests are quite correct.
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Fig. 6 Main effects plot: a Offset yield strength. b Ultimate tensile strength. ¢ Elongation at break. d Hardness

Table 7 Coefficients of the polynomial of prediction of the mechani-
cal properties

P s, S, E, H

a,  1.85E+03 2.98E+03 2.02E+01 8.58E+01
a, —150E+00 —6.28E+00  6.23E—03 —1.12E-01
a, - 1.03E+00 —2.89E-01  —7.51E-0l
a,  2.19E—0l 1.02E+00 —0.001968  2.67E—02
a, - 4.77E-03 - 9.10E—05
ag - - 1.54E-03 5.99E—03
a, - 1.61E—03 2.00E-06 -

a, - - 3.37E-04 -

ag - - - —4.80E—05
2, - - - —1.80E—05
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P=ay+a,-T+a,-ORT +a; - HTC + a, - T* + a5 - ORT?

+a6.HTC2+a7~T.0RT+a8-T~HTC+a9~0RT-H(T7(§
Figure 7 shows the measured and predicted curves of the
regression model responses. The results are displayed for
the nine tests of experience planning. In the range of the
parameters defined in Table 1, it is possible to predict the
mechanical properties with an error not exceeding 6%. The
predicted curves align very well with the measured curves,
which explains the good agreement between the predicted
values and the measured values.

2.6 Analysis of RSM Model

To produce contour lines with variable response inter-
vals according to the furnace heat treatment parameters
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Fig.7 Measured versus predicted: a Offset yield strength. b Ultimate tensile strength. ¢ Elongation at break. d Hardness

of 6-mm diameter cylindrical specimens. And in order
to analyze the relationships between the parameters (7,
ORT and HTC) and the mechanical properties (Sy, S, E,
and H), the RSM experimental analysis was used, which
is a technique of statistical analysis and, which has the
advantage of being easy to apply [17, 18]. We chose to
use the interpolation method Thin-plate-spline which gave
a coefficient of determination of the order of 0.93, which
is close to the value of the exact solution 1. Figure 8a
shows the estimated response area for the change in the
yield strength, according to the oven temperature and the
convection heat transfer coefficient. The residence time in
the oven was not considered in the graphical representa-
tion because it has a small percentage contribution (about
5%) on the variation of the value of S,. Figure 8b shows
the estimated response surface for the variation of tensile
strength, according to the oven temperature and convec-
tion heat transfer coefficient. The residence time in the
oven was not considered in the graphical representation

because it has a small percentage contribution (about 1%)
on the variation of the value of S,. Figure 8c shows the
estimated response area for the change in ultimate elonga-
tion at break, according to oven temperature and oven resi-
dence time. The coefficient of heat transfer by convection
was not considered in the graphical representation because
it has a small percentage contribution (about 12%) on the
variation of the E, value. Figure 8d, in turn, shows the
estimated response area for the change in average hardness
value according to oven temperature and oven residence
time. The coefficient of heat transfer by convection was not
considered in the graphical representation because it has a
small percentage contribution (about 3%) on the variation
of the total value of H.

The heat treatment process engineer may use multiple
linear regression polynomials to predict mechanical proper-
ties as a function of parameters (7, ORT and HTC). As it
can rely on response surfaces to evaluate mechanical proper-
ties, by perpendicular intersection of the chosen value in the
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Fig.8 Contour plot. a Offset yield strength. b Ultimate tensile strength. ¢ Elongation at break. d Hardness

abscissa axis (7)) and the value chosen in the ordinate axis
(ORT or HTC).

3 Discussion

From the contour lines and the analysis of variance, as
shown in Figs. 6 and 8, it can easily be seen that the yield
strength and the ultimate tensile strength are affected
mainly by the cooling power of the quenching medium, and
also the tempering temperature. And the elongation at rup-
ture and the average hardness is influenced mainly by the
residence time in the oven and the tempering temperature.
The variation of the value of the average hardness before
and after tempering as shown in Fig. 5d, can be explained
by dependence on tempering temperature and cooling
medium after austenitization of the material. According to

@ Springer

stress—strain curves of tensile tests, as shown in Fig. Sa—c,
we note that the groups of samples 1, 6 and 7, which were
treated by tempering at a high temperature, have a limited
resistance to traction greater compared with other samples
groups that received a tempering at a higher temperature.
From the point of view of ultimate elongation at break, it
can be seen that a high temperature considerably increases
its value to the detriment of the conventional limit of elas-
ticity and the tensile strength limit. Which is quite normal
as mechanical behavior of this type of material [1, 19]. At
the level of the microstructure, it is noted that a cooling in
the air, after austenitization, will provide a mixture between
martensite and bainite. And that cooling in oil or water
will provide a completely martensitic structure, because the
cooling rate of our samples, as shown in Fig. 3a, is greater
than the critical cooling rate which causes the formation of
a completely martensitic structure.
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4 Conclusions

In this study, we analyzed the variation of the mechanical
properties of AISI-4340 steel according to three tempering
temperature (300, 500 and 650 °C), three residence times in
the oven (30, 60 and 90 min) and three cooling media (air,
oil and water). The coefficient of heat transfer by convection
of the quenching medium was evaluated for a 6-mm cylinder
using empirical correlations adapted to scientific computa-
tion. The experimental approach developed using Taguchi
experience planning and analysis of variance, allowed to
highlight the influence of oven temperature on the set of
mechanical properties, the influence of the cooling medium
on the yield strength and the ultimate tensile strength, and
finally the influence of the residence time in the oven on the
elongation at break and the value of the final hardness after
tempering. Prediction equations for mechanical properties
have been proposed according to oven heat treatment param-
eters of the AISI-4340. The microstructure as showed a com-
pletely martensitic structure for the samples that received
cooling in the oil or in the water, and a structure composed
of martensite and bainite for samples cooled in air. The main
findings found in this study can be used in practice for the
steel industry. It would be interesting to consider complet-
ing this study by including other quenching fluids, and a
thorough investigation to see the behavior of this approach
in fatigue tests. We believe that the type of approach pro-
posed in this study is the most appropriate way to develop
mechanical properties control models for simple cylindrical
geometries.
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