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This work addresses the numerical correlation of the factors that may affect the hardenability of AISI
1045 steel submitted to the Jominy end-quench test in three austenitizing temperatures: 20 �C, 70 �C
and 120 �C above the critical temperature (Ac3) according to the CCT diagram (Continuous Cooling
Transformation). Thermocouples were placed in the specimens at predefined points to obtain cooling
curves during the Jominy end-quench test. Metallographic analysis and the Jominy hardness profiles
(using the Rockwell C method) allowed evaluating the hardenability in function of the austenitizing
temperatures. Calculation of the percentage of phases presented in the microstructures and Vickers
microhardness tests at these phases and micro-constituents were applied to obtain numerical expres-
sions to correlate the phase percentages and hardness profiles according to the cooling rate variations
during the test. Subsequently, equations were obtained by regression numerical methods to estimate
the amount of phases and micro-constituents (martensite, bainite, pearlite and ferrite) formed during
the test, and also to estimate the hardness profile.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The Jominy end-quench test which follows ASTM: A-255, is
used to measure the hardenability of steels. It consists on heating
of a standardized cylindrical specimen of material in test
(25.4 mm diameter and 100.0 mm in length) until the austenitizing
temperature, and then cooling it at one end through of water in
order to induce the formation of the martensitic structure. After
that, the hardness is measured along the specimen at intervals of
1.59 mm between each measure. Obviously, the first measure pre-
sents high values of hardness due to the formation of martensite by
high cooling water. Consequently, the hardness decreases in more
distant positions of the cooled surface, because in these points, the
cooling rates are lower resulting in the formation of phases such as
ferrite, pearlite and bainite.

Some publications have shown interest in understand the phe-
nomena of heat transfer and phase transformation of austenite
during cooling. Homberg [1] has presented a numerical algorithm
for simulating the Jominy end-quench test and deriving continuous
cooling diagrams for AISI 1080 steel. The underlying mathematical
model for the austenite–pearlite phase transition is based on
Scheil’s Additivity Rule and the Johnson–Mehl equation. Le
Masson et al. [2] have developed a numerical method for the
two-dimensional estimation of the convection heat transfer coeffi-
cient for a rapid metallurgical heat treatment. Mathematical mod-
eling of austenite decomposition has also been investigated by
Smoljan [3]. Phase portion in steel was predicted based on
hardenability curve of the Jominy-specimen. The designed inverse
method of prediction austenite decomposition was used in com-
puter simulation of microstructure transformation during the
austenite decomposition of DIN C 45 steel. Finite element sim-
ulations that predict the microstructure and properties of heat-
treated steels can be significantly improved by incorporating
appropriate models for the kinetics of various austenite trans-
formations, and it has been investigated by Lee et al. [4] and
Pietrzyk et al. [5].

Numerical models are being developed for the simulation of the
cooling curves, prediction the microstructural formation of the
present phases and the hardness profile obtained during the test.
Smoljan et al. [6] have investigated the performance and possibili-
ties of application of the modified Jominy-test in computer sim-
ulation of high-hardenability steel quenching. Specimens have
presented similar cooling curves if the cylindrical specimen has
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Table 1
Chemical composition of AISI 1045 steel specimen (wt.%).

C Si Mn P S Cu Cr Ni V Co W Mo

0.45 0.19 0.70 0.02 0.03 0.12 0.05 0.05 <0.001 <0.01 <0.01 <0.005

Fig. 1. Arrangement of thermocouples in Jominy specimen.
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been quenched in oil or cooled in air. Zehtab et al. [7] have focused
on some theories about on correlation between cooling curves and
hardness of test specimen such as Quench Factor Analysis. In this
research it was tried to simulate the Jominy test of a steel (AISI
4130) with the method. Song et al. [8] have proposed an improved
mathematical model for simulating the Jominy end-quench curves
Fig. 2. Jominy specimen, thermocouples and the furnace for the test.
by introducing a parameter named alloying interactions equiva-
lent. The thermal properties, the Rockwell C hardness and the
microstructure of three end-quench Jominy bar steels (C48,
42CrMo4 and 35NiCrMo16) have been investigated by Ghrib
et al. [9]. The thermal properties were determined using pho-
tothermal deflection technique and the hardness was measured
by Rockwell durometer. Çakir et al. [10] have investigated the
hardenability of AISI 1050 steel in different cooling media using
Jominy test. The temperature values were recorded using
thermocouples that were placed on sample. The correlation
Fig. 3. Image of the cooling of the specimen.



Fig. 4. Calculating the percentage of phase at the microstructure. In (a) the metallography. In (b) image processing.

Fig. 5. Experimental cooling curves in the three austenitizing temperatures: (a) 800 �C, (b) 850 �C and (c) 900 �C.
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between thermal properties and hardenability was established.
When Jominy water pressure decreased, hardenability decreased
in Jominy bar. But hardenability of steel quenched by air–water
mixture cooling media was observed that increasing surprisingly.
As a result of air–water mixture quenching, heat transfer acceler-
ated and the hardenability increased in the Jominy bar. Finally an



Table 2
Cooling rates (�C/s) for different austenitizing temperatures.

Jominy distance (mm) 800 �C 850 �C 900 �C

1.6 238 201 158
3.2 73 56 63
4.8 25 28 24
6.4 20 23 21
9.6 13 13 12

12.7 10 9 9

Fig. 6. Methodology for calculation of the cooling rate for austenitizing tempera-
ture of 800 �C.

Fig. 7. Numerical adjustment of cooling rates depending on the position during the
tests.

Table 3
Hardness measurements (HRC) and (HV) for different temperatures austenitizing.

Distance from quenched end (mm) 800 �C 850 �C 900 �C

HRC HV HRC HV HRC HV

1.6 57 633 57 633 57 633
3.2 57 633 56 613 58 653
4.8 51 528 48 484 52 544
6.4 36 354 33 327 38 372
7.9 29 294 28 286 32 318
9.6 27 279 26 272 30 302

11.1 26 272 27 279 30 302
12.7 25 253 26 272 27 279
22.2 20 238 22 248 23 254
23.8 (19) 222 20 238 23 254
25.4 (18) 219 20 238 22 248
27.0 (17) 215 20 238 21 243
28.6 (17) 215 20 238 20 238
30.2 (16) 212 (18) 219 20 238

Fig. 8. Hardness profiles for different austenitizing temperatures.
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axis-symmetric thermo-metallurgical Jominy end-quench test
model was presented by Maizza et al. [11], where the heat conduc-
tion equation is coupled with an anisothermal austenite decom-
position kinetic model.

The object of this work is the acquisition of the experimental
cooling curves and the determination of cooling rates at specific
points of the Jominy specimen, obtaining numeric expressions that
permit the correlation between amount of phases and hardness as
a function of the cooling rates in the specimen. Thus, it is estab-
lished a correlation of cooling rates with microstructure and hard-
ness as a function of the position. Finally, it is inserted a correlation
between experimental cooling curves and Continuous Cooling
Transformation diagrams (CCT).
2. Materials and methods

Specimens of the steel AISI 1045 were used with configuration
required by ASTM: A-255. Table 1 shows the analysis by Optical
Emission Spectrometry (OES) for determining the chemical com-
position of the steel (mass percentage).

Knowing these values, the critical temperature (Ac3) can be cal-
culate and stipulate the three austenitizing temperatures for the
Jominy end-quench test. Using an empirical equation from the
literature [12] and the chemical composition, Eq. (1) shows the
calculation of Ac3:

Ac3 ¼ 910� 203
ffiffiffiffiffiffiffi
%C
p

� 15:2%Niþ 44:7%Siþ 104%V

þ 31:5%Moþ 13:1%W ð1Þ

According to austenitizing temperature, Ac3 was determined as:
800 �C, 850 �C and 900 �C. These temperatures were determined to
analyze how the austenitizing temperature can influence on the
hardenability of steel.

The specimens were subjected to normalizing heat treatment
before the Jominy test as required by the ASTM: A-255 standard
for a period of 60 min. Within the furnace was placed a carbon-rich
atmosphere to protect the specimen decarburization. During the
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Jominy test, six thermocouples were placed at distances of sep-
aration of 1.6 mm from the tip cooled with the intention of obtain-
ing cooling curves and, subsequently, calculating cooling rates.
These thermocouples were placed in positions where the marten-
sitic transformation can occur. Fig. 1 shows the arrangement of
thermocouples in the specimen.
Fig. 9. Martensitic microstructures for different austenitizing temperatures. (a)
800 �C, (b) 850 �C and (c) 900 �C. Distance from quenched end: 1.6 mm. Etching:
Nital 3%.
The specimens were austenitized at the temperatures for
30 min (according to ASTM: A-255). On this occasion, argon was
injected into the furnace chamber (flow rate 6.0 l/min) to protect
the specimen from the effects of decarburization. Concluded this
interval, the specimen was removed from the oven and placed
quickly in the Jominy test device. The water jet watch cools the
probe tip must remain powered for 600 s. Fig. 2 shows the
Fig. 10. Mixed microstructures after cooled during the test for different austeni-
tizing temperatures. (a) 800 �C, (b) 850 �C and (c) 900 �C. Distance from quenched
end: 4.8 mm. Etching: Nital 3%.



C.R.N. Nunura et al. / Materials and Design 76 (2015) 230–243 235
specimen and the furnace for the Jominy test and Fig. 3 presents a
picture of the cooling of the specimen.

Using a data acquisition system it was possible to collect the
monitored temperatures by thermocouples at each time during
the cooling of the specimen. To calculate the cooling rates, it was
used the following methodology: estimating the interval between
the austenitizing temperature ðTaustÞ and the starting temperature
Fig. 11. Ferritic and pearlitic microstructures for different austenitizing tempera-
tures. (a) 800 �C, (b) 850 �C and (c) 900 �C. Distance from quenched end: 12.7 mm.
Etching: Nital 3%.
of martensitic transformation ðMsÞ. This ðDTÞ is divided by a time
interval ðDtÞ where the cooling rate is maximum. Eq. (2) shows

the calculation of the cooling rate ðT
o
Þ in ð�C=sÞ:

T
o
¼ DT

Dt
¼ ðTaust �MsÞ

Dt
ð2Þ
Fig. 12. Microstructures by Scanning Electronic Microscopy (SEM) as result of
Jominy test for austenitizing temperature of 850 �C. In (a) martensite, (b) bainite
and martensite and (c) ferrite and cementite. Etching: Nital 3%.



Table 4
Percentage of phases in function of Jominy distance. Austenitizing temperature:
800 �C.

Jominy distance (mm) Martensite Bainite Pearlite Ferrite R%

1.6 100.0 – – – 100.0
3.2 98.0 2.0 – – 100.0
4.8 29.3 31.1 39.6 – 100.0
6.4 10.3 – 83.4 6.3 100.0
9.6 – – 91.4 8.6 100.0

12.7 – – 92.9 7.1 100.0

Table 5
Percentage of phases in function of Jominy distance. Austenitizing temperature:
850 �C.

Jominy distance (mm) Martensite Bainite Pearlite Ferrite R%

1.6 100.0 – – – 100.0
3.2 100.0 – – – 100.0
4.8 56.8 22.6 20.6 – 100.0
6.4 10.1 – 79.7 10.2 100.0
9.6 – – 84.4 15.6 100.0

12.7 – – 89.2 10.8 100.0

Table 6
Percentage of phases in function of Jominy distance. Austenitizing temperature:
900 �C.

Jominy distance (mm) Martensite Bainite Pearlite Ferrite R%

1.6 100 – – – 100.0
3.2 87.6 12.4 – – 100.0
4.8 71.2 14.4 14.4 – 100.0
6.4 16.4 – 67.0 16.6 100.0
9.6 – – 77.6 22.4 100.0

12.7 – – 72.4 27.6 100.0

Fig. 13. Percentage of phases in function of Jominy distance for different austenitizing temperatures.

Fig. 14. Micro-indentation Vickers in a bainitic region.
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Using an empirical equation from the literature [12], and the
chemical composition of steel, Eq. (3) shows the calculation of
the martensite start (Ms):

Ms ¼ 512� 453%C� 16:9%Niþ 15%Cr� 9:5%Mo

þ 217ð%CÞ2 � 71:5%C%Mn� 67:6%C%Cr ð3Þ
Therefore, the calculated temperatures ðAc3Þ and (Ms) were:
781 �C and 328 �C, respectively.

According to ASTM: A-255, hardness measurements were per-
formed on the specimen on the HRC scale for obtaining hardness
Jominy profiles. Furthermore, Vickers microhardness tests were
made subsequently at present phases in the microstructure, with
loads varying of 300 g, 200 g and 25 g, with an application time
of 15 s.

Micrograph results were obtained to the positions where the
thermocouples were placed to estimate the percentage of formed
phases during cooling with the aid of metallographic software.
This tool allowed to estimate the percentage of the phases present
in a micrograph with the aid of routines programmed into the soft-
ware and to quantify the area of metallographic mosaics based on
the color and morphology. It was used Nital 3% as metallographic
etching, according to ASTM: E 3-11. The sequence of this calcula-
tion is shown in Fig. 4.

Known the microhardness and the percentage of the phases and
micro-constituents present, it was possible to use Eq. (4) (mixture
rule) for calculating the overall of hardness Vickers (HV) at each
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point of the specimen to comparison with the results of hardness
Rockwell C:

HV ¼ ½ð%MartensiteÞ � HVðMartensiteÞ� þ ½ð%BainiteÞ
� HVðBainiteÞ� þ ½ð%PearliteÞ � HVðPearliteÞ�
þ ½ð%FerriteÞ � HVðFerriteÞ� ð4Þ
Fig. 15. Micro-hardness in function of Jominy distance for different austenitizing
temperatures. (a) 800 �C, (b) 850 �C and (c) 900 �C.
3. Results and discussion

3.1. Experimental cooling curves

Fig. 5 shows the cooling curves at the three austenitizing tem-
peratures: 800 �C, 850 �C and 900 �C. The positions of the six
thermocouples at the specimen were explained at Fig. 1. The evo-
lution of the thermal profile consistently compares with the results
obtained by Çakir et al. [10], who used thermocouples to obtain the
Jominy test cooling curves. Similar profiles in other specimens
were obtained by Li et al. [13] (In a AA7050 alloy), and Ben
Ammar et al. [14] (In an alloy, Zircaloy4).

3.2. Experimental cooling rates

Following the methodology described before, the cooling rates
were calculated for each thermocouple position, and in each
austenitization temperature as shown in Table 2. Fig. 6 shows
the calculation of cooling rates for the specimen which was
austenitized to 800 �C. The same methodology was used to tem-
peratures of 850 �C and 900 �C, respectively. Points were numeri-
cally adjusted from cooling rates depending on the position for
the three austenitizing temperatures according to Fig. 7, and
numeric expressions were obtained.

Unlike the previously proposed method, Zehtab et al. [7] calcu-
lated cooling rates mathematically deriving the thermal profile of
the test, all along the test body. Li et al. [15] used the cooling rate
of the specimen when the same was 700 �C. This value was
inserted into empirical equations to calculate the hardness of the
martensite, bainite, pearlite and ferrite produced during the test.
Lee et al. [4] used the cooling rate value of 700 �C to correlate hard-
ness with microstructure resulting during the trial. With the
method proposed in our work, concerning cooling rate, we can
obtain numerical expressions for the cooling rate calculated in
function of the position.

For austenitizing temperature: 800 �C

T
o
¼ 844:7 exp

x
1:21

� �
þ 11:7 ð5Þ

For austenitizing temperature: 850 �C

T
o
¼ 739:8 exp

x
1:14

� �
þ 13:9 ð6Þ

For austenitizing temperature: 900 �C

T
o
¼ 423:2 exp

x
1:51

� �
þ 10:6 ð7Þ

where (x) is the position or distance from quenched end (mm).

3.3. HRC hardness as a function of the austenitizing temperature

Table 3 shows the measured values of Rockwell profile for the
for the three austenitizing temperatures (average of four hardness
measures) which is shown in Fig. 8 and the correlation with the
Vickers hardness (HV). It is observed that there was an increase
in the hardenability with higher austenitizing temperature,
according to Fernandino et al. [16] (in a nodular cast iron at
different austenitization temperatures) and Llewellyn and Hudd
[17] (at the Jominy test applied in a steel alloy).

Hardness in scale HRC is placed and the values in parentheses
are outside the recommended range and are given only for com-
parison purposes.

3.4. Metallographic analysis

Fig. 9 shows the obtained metallographic to 1.6 mm from the
tip of the specimen cooled from 800 �C, 850 �C and 900 �C, respec-
tively. In (a) and (b) it is observed lath martensite. In (c) it is
observed that in high austenitizing temperature, the martensite
formed at this point adopts a coarse morphology.

In Fig. 10 it is observed that as the austenitizing temperature
increases, the amount of bainitic structure formation (dark areas
in the form of needles) increases followed by the formation of



Fig. 16. Experimental hardness and calculated by mixture ruler.
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martensite (light regions). In (a) and (b), formation of bainite with
some probable colonies of fine pearlite and martensite can be
observed. In (c), bainite formation increases with increasing of
the austenitizing temperature.

Fig. 11 shows the formation of ferrite (white regions) and pear-
lite (dark areas). As the austenitizing temperature increases, the
free ferrite formation adopts morphology acicular or needle-
shaped (Fig. 11c) that penetrates into the pearlite colonies.
According to [17] this acicular ferrite texture is generally associ-
ated with an increase in grain size (probably due to increasing in
austenitizing temperature).

Fig. 12 shows the microstructures by Scanning Electronic
Microscopy (SEM) for austenitizing temperature of 850 �C. In (a):
martensite (distance from quenched end: 1.6 mm). In (b): bainite
as dark areas in the form of needles (distance from quenched
end: 4.8 mm). In (c): ferrite as dark areas and cementite as clear
regions (distance from quench end: 12.7 mm).

According to Çakir et al. [10], Lee et al. [4] and Yao et al. [18] the
microstructure altered during the Jominy test is: martensite, bai-
nite, pearlite and ferrite in different proportions. Fernandino
et al. [16] shows that for a Jominy test applied to nodular cast iron,
a combination of martensite, ferrite and graphite nodules is
obtained. This microstructural formation varies according to posi-
tion in the specimen and to cooling rate.

3.5. Phases and micro-constituents

Tables 4–6 show the amount of phases and micro-constituents
which were formed according to cooling rates during the test for
each austenitizing temperature. Fig. 13 shows that while the
amount of martensite and bainite reduces the amount of pearlite
and ferrite increases. In both three austenitizing temperatures,
the presence of bainite is evident in positions TP2 – 3.2 mm and
TP3 – 4.8 mm.

However, numerical simulation results obtained by Pietrzyk
and Kuziak [5] show that for a SAE 1045 steel it is possible to
obtain during the test above 80% bainite. Lee et al. [4] obtained
for the steel SAE 1045, using finite elements, a profile 100% bainite
for a cooling distance of 10 mm. Other results according to Maizza
and Matteis [11] concluded that the microstructure obtained for a
SAE 4340 is: 60% martensite and 40% bainite. According to Yao
[18], it is possible to obtain 100% of bainite in a steel SAE P20
Jominy test altered for the specimen with a length of 200 mm.
Probably the differences in the microstructural quantities, mainly
in formation of bainite, are due to the development of a numerical
model for results obtained by numerical simulation, but they are
not experimental data. Other variations may occur due to the
chemical composition of the materials which modify the CCT
curves.

3.6. Micro-hardness test

Fig. 14 shows a micro-hardness applied in a structure bainitic
formed at the specimen Jominy. Fig. 15 shows micro-hardness val-
ues for each austenitizing temperature.

3.7. Hardness HRC based on the micro-hardness and percentage of
phases and microconstituintes

Using the mixture ruler (Eq. (4)) and applying the results of the
micro-hardness and percentages of phases, calculated hardness
values were compared with those obtained experimentally, and
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Fig. 16 shows this comparison. The results of the mixture ruler are
presented in Rockwell C scale. In this regard Smoljan [19] used the
mixing and additive rules to predict the microstructural hardness,
in the same way of Zehtab et al. [7]. The mixing rules are efficient
to calculate the overall hardness of the resulting microstructure in
the Jominy test.
3.8. Correlation between hardness and cooling rates

Expressions that calculate hardness HV using the cooling rate
and chemical composition were developed by Li [15]. In these
expressions the value of the cooling rate to 700 �C is used. In this
paper, we present expressions that are valid from the austenitizing
temperature to room temperature. Correlation between hardness
and cooling rate could be established from the data in Tables 2
and 3 permitting to obtain numerical expressions (8) for estimat-
ing hardness in function of cooling rates, austenitizing tempera-
tures and positions according to Fig. 17.
Fig. 17. Correlation between hardness and cooling rates in function of positions.

Fig. 18. Percentage of phases as a function of cooling rate for an austenitizing
temperature of 800 �C.
For austenitizing temperature: 800 �C

HRC ¼ �64:5 � exp
� T

o

15:2

2
4

3
5þ 57:5 ð8Þ

For austenitizing temperature: 850 �C

HRC ¼ �51:6 � exp
� T

o

23:2

2
4

3
5þ 58:4 ð9Þ

For austenitizing temperature: 900 �C

HRC ¼ �58:2 � exp
� T

o

15:5

2
4

3
5þ 57:6 ð10Þ
3.9. Correlation between percentage of phases and cooling rates

With the percentage of the micro-constituents and phases in
the microstructure of the specimen and the cooling rates, it was
Fig. 19. Percentage of phases as a function of cooling rate for an austenitizing
temperature of 850 �C.

Fig. 20. Percentage of phases as a function of cooling rate for an austenitizing
temperature of 900 �C.



Fig. 21. Experimental cooling curves and microstructure formed during the test Jominy for SAE 1045 steel. Austenitizing temperature: 800 �C.
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possible to obtain numerical expressions 11–19, which describe
the presence of a particular phase in the microstructure as the
cooling rate varies, as shown in Figs. 18–20.

For austenitizing temperature: 800 �C

%Martensite ¼ �149:6 � exp
� T

o

35:2

2
4

3
5þ 105:7 ð11Þ

%Bainite ¼ 0:51þ 32:2 � exp
�ðT

o
�24:9Þ

2

432:2

2
64

3
75 ð12Þ
%Ferriteþ Pearlite ¼ 168:4 � exp
� T

o

24:8

2
4

3
5� 4:1 ð13Þ

For austenitizing temperature: 850 �C

%Martensite ¼ �160:9 � exp
� T

o

28:3

2
4

3
5þ 106:9 ð14Þ

%Bainite ¼ 3:8 � exp �2
T
o
�32:1
10:1

0
@

1
A

2
2
64

3
75 ð15Þ



Fig. 22. Experimental cooling curves and microstructure formed during the test Jominy for SAE 1045 steel. Austenitizing temperature: 850 �C.
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%Ferriteþ Pearlite ¼ 168:4 � exp
� T

o

24:6

2
4

3
5� 6:6 ð16Þ

For austenitizing temperature: 900 �C

%Martensite ¼ �161:9 � exp
� T

o

21:5

2
4

3
5þ 99:4 ð17Þ
%Bainite ¼ 14:4 � exp � T
o
�24:5

432:2

0
@

1
A

2
2
64

3
75 ð18Þ

%Ferriteþ Pearlite ¼ 186:9 � exp
� T

o

17:9

2
4

3
5� 3:7 ð19Þ



Fig. 23. Experimental cooling curves and microstructure formed during the test Jominy for SAE 1045 steel. Austenitizing temperature: 900 �C.
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3.10. Correlation between experimental cooling curves and Continuous
Cooling Transformation diagrams – CCT

The cooling curves obtained experimentally for the Jominy test
were confronted with CCT diagrams in order to predict the possible
formed microstructures during the test. Figs. 21–23 show the cool-
ing curves superimposed on a CCT diagram for AISI 1045 steel [20].
For the three austenitizing temperatures, it was observed that is
possible during the continuous cooling to obtain different
structures. At position TP1 when the temperature decreases as a
function of time the thermal curve crosses only the region of
martensite formation. At position TP2 it is formed a certain amount
of bainite and martensite. In the TP3 and TP4 positions, there is the
formation of ferrite, pearlite, bainite, and the martensite is
formed in smaller amounts, as explained in Fig. 13. Finally, at the
TP5 and TP6 positions, with lower cooling rates, only occurs the



C.R.N. Nunura et al. / Materials and Design 76 (2015) 230–243 243
formation of ferrite and pearlite for this type of steel. Çakir et al.
[10] and Trzaska et al. [21] demonstrated that the use of
thermocouples for the cooling curves is efficient. The CCT curves
are an excellent graphical tool to compare the curves with the
microstructure resulting from experimental or simulated trial,
according to [20].

4. Conclusions

The following major conclusions can be drawn from the present
study:

(1) It was observed that the morphology of the obtained phases
was altered according to the austenitizing temperature.

(2) For the high austenitizing temperature, it was observed an
increase in Jominy hardness profile.

(3) The calculated hardness values based on mixture ruler are in
good agreement with the experimental results.

(4) Based on the good agreement between experimental and
theoretical calculated hardness, expression for the percent-
age of phases in function of cooling rates could be
determined.

(5) Numerical expressions have been developed describing
microstructure formation as the cooling rates varies during
the Jominy test. These expressions provide an insight into
the determining of austenitizing temperature in terms of
structures and hardness.
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