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A numerical model is presented to determine the heat trans-
fer, phase transformation and hardness distribution of ex-
tension Jominy bars in an insulating end-quenching test de-
signed to evaluate the hardenablility of steels having middle
or high hardenability. The end-quenching test is conducted
in a revised device with a refractory insulating liner to de-
crease the cooling rate of the specimen. Heat transfer co-
efficients varying not only with temperature of end surface
but also with radius are adopted when examining the wa-
ter jet on the end side. A modified model based on Avrami
equation and Koistien–Marburger law is developed to deter-
mine the microstructure distribution, and an empirical based

formula developed by Maynier is applied to calculate the
Vickers hardness of each phase at different cooling rate.
The microstructure and hardness predictions obtained in the
present model are found to be in good agreement with exper-
imental measurements.
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A large amount works have been done on the Jominy
test since 1938 when it was first devised by Jominy and
Boegehold [1–3]. Recently, some researchers [4, 5] have
developed models to simulate the Jominy test numeri-
cally, mostly concentrated on hardness and hardenabil-
ity prediction. Li [6], for example, presented a finite ele-
ment model to simulate the heat transfer induced by end
quenching of Jominy bars, and a reaction kinetics model
for austenite decomposition. The calculated hardness
distributions of the bars based on the empirical formulas
are in good agreement with the experimental measure-
ments for all the tested steels. In another work, Anders-
son [7] investigated the hardness values of a cylindrical
specimen made of direct quenching steels based on the
Jominy curves, and also gave good results.

The standard Jominy end-quench test, however, is not
suitable for the steels with high hardenability, because
the Jominy curves cannot exhibit the hardness variation
of these steels in the full measurement range. Post [8] and
Jatczak [9] presented air-cooling devices that are suitable
for high hardenability steel. But because air and water
are different cooling medium with quite different heat
transfer mechanisms, the end-quench results obtained
by air-cooling methods and standard Jominy test cannot
be comparative.

In the present work, an insulating Jominy end-quench
test is developed to determine the hardenability of AISI
P20 and ASSAB718 plastic mold steel. This revised
Jominy test greatly decreases the cooling rate of the
cylinder top, and therefore, can obtain wider range of
cooling rate in the full length of the specimen. In the
meantime, a mathematical model is presented and im-
plemented to describe the temperature, structure and
hardness variations of the process, and the calculation
results are then compared with the experimental ones.

Model description

Heat transfer model
A two-dimensional axisymmetric finite element model
is developed to analyze the heat transfer induced by the
revised end-quenching process using the commercial
code MSC.MARC and user-defined subroutines. The fi-
nite element mesh of the bar is presented in Fig. 1.

During cooling by a water jet on the end surface, the
top and most of the cylindrical surfaces of the bar are
in contact with the refractory insulating material, and
a small portion of the cylindrical surface is subjected
to free convection in air and radiation. Therefore, the
boundary conditions of the problem should be
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Fig. 1. Finite element mesh of the end-quenching bar and thermal boundary
conditions.
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wherein Ts, Tw, Ta and Tr stand for the temperatures of
the sample surface, jetting water, surrounding air, and
refractory insulating material contacted, respectively. Vk

and λk are the volume fraction and heat conductivity of
kth phase. L0 represents the portion of the specimen out-
side the insulating sleeve. Different cooling methods are
represented by different heat transfer coefficients, e.g.,
h1 is the convection heat transfer coefficient of water jet-
ting, h2 is the combined convective and radiation heat
transfer coefficient of air cooling and h3 is used to express
the heat transfer from the specimen to the refractory in-
sulating material, as shown in Fig. 1. We have attempted
here to take into account a heat transfer coefficient of end
surface h1 varying not only with temperature of end sur-
face but also with the radius [10]. When examining the
water jet on the end side, the heat transfer coefficient of a
point arresting in the center (in r = 0) is first determined
according to Fig. 2. Heat transfer coefficient on the end
surface depending on the radius r is estimated as

h(r ) = −5 × 105r5 + 0.0017r4 − 0.0187r3 + 0.0571r2

+ 0.1367r + 0.4076. (2)
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Fig. 2. Hypothesis for the heat transfer coefficients on the quenching end.

Heat loss through free surfaces is also incorporated into
the analysis by introducing the combined heat transfer
of convection and radiation. The heat loss through the
insulating material is far less than through water and
air, and therefore, it is neglected in the present model
and assuming h3 = 0.

For latent heats we also take the values from [11, 12]

LF/P = 1.56 × 109 − 1.5 × 106T(J/m3), LB = 6.2

× 108(J/m3), LM = 8.4 × 108(J/m3). (3)

Phase transformation model
The reaction kinetics model developed in this study is
based on the modification of the original model devel-
oped by Pan [13]. The Scheil additivity rule is adopted
to determine the time at which the phase transforma-
tion begins. At every �t increment after the beginning
of the phase transformation, John–Mehl–Avrami equa-
tion is used to determine the virtual time and quantities
of the diffusional phases, and iteration with tempera-
ture is activated at the same time. In the case of marten-
sitic transformation, between Ms and Mf temperatures,
the amount of martensite is calculated by using the
law established by Koistinen and Marburger. Moreover,
the following specification should be mentioned in this
paper.

1 The models presented by Pan [13] did not consider
the irreversibility of the phase transformation. Thus, in
numerical simulations based on these models, owing to
the release of latent heat, usually a decrease in the trans-
formed phase is observed. In the present model, in order
to overcome the evident irrationality, the following rules
are defined in the subroutines

Vk(i) =
{

Vk(i) Vk(i) ≥ Vk(i − 1)

Vk(i − 1) Vk(i) ≤ Vk(i − 1)
k = F, P, B, M (4)

where Vk(i) is the volume fraction of kth phase in ith
increments.
2 In the temperature region between Ac1 and Bs, both
ferrite and pearlite may precipitate. Because the nucle-
ation locations, growth modes and diffusion paths of
carbon atoms are different for the two phases, different
Avrami equations should be adopted to calculate the
phase growth. However, the beginning point of pearlite
transformation is hard to determine during continuous
cooling, in respect that the carbon content of austenite
is continuously changing during transformation, and
the transformed pearlite is quasi-pearlite and its car-
bon content is decreasing with the decrease of tempera-
ture. Actually, Avrami equation is a generalized one in
describing the kinetics of diffusional transformations,
and the parameters b and n in the equation include the
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Fig. 3. Illustration of the iron–carbon diagram used in the calculation of
ferrite and pearlite.

influence of various factors such as nucleation location
and growth mode. It was also found that in this temper-
ature region, the simulated transformation results using
a single Avrami equation were more close to the exper-
imental measurements [14].

An approximate method to determine the quantities
of the two phases can be described in the Fe–C diagram
as shown in Fig. 3, where line AB represents the equiva-
lent carbon content of AISI P20 or ASSAB 718 steel, point
S is the eutectoid point, and line SB is the quasi-eutectoid
precipitation line. Suppose in an incremental step, with
the temperature of Ti, the relative volume fraction of fer-
rite and pearlite can be determined using the level rule.
Therefore, the maximal amount of ferrite (VF max) at that
temperature is equal to CD/FD. After the total amount
of ferrite and pearlite (Vtot) is calculated by eq. (5), the
two phases are divided according to the following rule:

(i) if Vtot ≤ VF max , then VF = Vtot, VP = 0

(ii) if Vtot ≥ VF max, then VF = Vtot, VP = Vtot − VF max (5)

where VF and VP are the amount of transformed fer-
rite and pearlite respectively. When the temperature is
below Tmin (referring to Fig. 3), only quasi-eutectoid
pearlite precipitates.

Hardness prediction model
Hardness prediction is based on the results of tempera-
ture and microstructure calculation. Empirically based
formulas developed by Maynier et al. [15] were used in
this study for calculation of the Vickers hardness of each
phase at different cooling rate:

HvM = 127 + 949C + 27Si + 11Mn + 8Ni + 16Cr + 21
× log Vr

HvB = −323 + 185C + 330Si + 153Mn + 65Ni
+ 144Cr + 191Mo + (89 + 53C − 55Si
− 22Mn − 10Ni − 20Cr − 33Mo) log Vr

HvF +P = 42 + 223C + 53Si + 30Mn + 12.6Ni + 7Cr
+ 19Mo + (10 − 19Si + 4Ni + 8Cr + 130V) log Vr

(6)

where HvM, HvB and HvF+P represent the Vickers hard-
ness of martensite, bainite and the mixture of ferrite and
pearlite, respectively. Vr is the cooling rate at 700◦C per
hour.

The overall hardness of the bar is calculated using the
mixture rule

Hv =
∑

k

Hvk · Vk k = F, P, B, M. (7)

The resultant Vickers hardness was transformed into
Rockwell hardness in the subroutines to correlation with
the experimental measured results.

The insulating Jominy end-quench test

AISI P20 and ASSAB718, both used as plastic mold
steel, were chosen as experimental materials. P20 steel
has middle hardenability, while ASSAB718 steel, with
0.80–1.20 wt% more nickel in its composition, has much
higher hardenablility. The compositions of these two
steels are listed in Table 1. In order to determine the hard-
enability of the two mold steels, a device based on the
standard Jominy end-quench tester is devised. The prin-
ciple characteristic of this device is that a sleeve made of
refractory insulating fiber, as shown in Fig. 4, insults the
overall end-quenching process. Extension Jominy bars
made of AISI P20 and ASSAB718 steel are cut for 200 mm
in length and 25 mm in diameter, each with a step on
the top side to facilitate fixation. After heating at 860◦C
for 30 min, the test bar is transferred promptly to the
inner core of the sleeve, and cooled by a water jet on
its end. The water temperature keeps around 20◦C. A
portion of the bar on the end side (about 10 mm) is out-
side the sleeve to prevent the insulating material from
getting wet. The end-quenching process lasts for 2 h un-
til the bar is cooled completely, and then it was taken out
and polished parallel to the cylinder axis on both sides.
Rockwell hardness measurements are made along the

Table 1. Chemical composition of AISI P20 and ASSAB718 steel

C Si Mn S P Cu Cr Ni Mo

AISI P20 0.28 0.20 0.60 0.03 0.03 0.25 1.40 0.25 0.3
ASSAB718 0.32 0.20 1.00 0.03 0.03 0.31 1.40 0.80 –
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Fig. 4. The illustration of the insulating end-quenching device.

longitudinal axis from the quenching end, and metal-
lographic examination is conducted to the regions with
evident characteristics.

Results and discussion

Thermal cycles in the end-quenching bar
Finite element analysis revealed that the cooling curves
in different bars are virtually the same despite of
the minor differences in the thermal properties of
the two steels. The predominant heat transfer mecha-
nism in the end quench of the bars is forced convec-
tion at the quenching end. Heat is primarily carried
away by the jetting water, and heat loss through free
radiation and convection of cylindrical surfaces and
through conduction of the insulating material is less
significant.

The predicted cooling curves in the end-quenching
bars are shown in Fig. 5. The bucklings of the cooling
curves indicate the release of latent heat during phase
transformations. In the present study, because the bar
is longer than the standard Jominy bar and is encapsu-
lated with insulating material, its cooling rate is slower
than that of the standard Jominy bar. However, The re-
sults of experimental and finite element analysis and
analytical solutions also suggest that the cooling curves
in different standard Jominy bars are virtually identi-
cal despite the differences in steel composition, material
properties and austenization temperatures [2]. As can
be seen from the figure, a wide range of cooling rate can
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Fig. 5. Predicted cooling curves of the end-quenching bar.
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Fig. 6. Relationship between distance from water-cooled end to cool rate at
700◦C.

be obtained by using this end-quenching method. For
example, the time required for the bar to cool from the
initial temperature of 860 to 200◦C is 40 s at the point
5 mm away from the quenched end, while 6000 s is
needed at the point 200 mm away from the quenching
end.

The computed cooling rates at 700◦C of the AISI P20
steel bar are shown in Fig. 6, associated with that of
the standard bar determined by Herring [2]. For the
above-mentioned reasons, the cooling rate of the present
study is much slower than that of the standard Jominy
test, especially in positions far away from the quenching
end.

Microstructure results
The predicted and measured microstructure distribu-
tion along the AISI P20 steel bar after 7200 s of end
quenching is presented in Figs. 7(a)–(e). As can been
seen from Fig. 7(a), martensite extends in the region
from the quenching end to a height of about 25 mm;
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Fig. 7. Calculated and experimental results of structures distribution of AISI P20 steel after 7200 s of end-quenching: (a) calculated results of structures
distribution; (b) contour of structure distribution; (c) metallograph of the quenching end (martensite); (d) metallurgraph of the section 50 mm from the quenching
end (bainite) and (e) metallograph of the section 150 mm from the quenching end (pearlite).

bainite exists in the region between 10 mm and 110 mm;
pearlite and a little fraction of ferrite lie in the region
beyond 50 mm from the quenching end. In Fig. 7(b),
the contour plot of martensite, bainite, pearlite and
ferrite is presented. The metallographic analysis re-
sults are given in Figs. 7(c)–(e), and the specimens are
taken from the quenching end, 45 mm and 150 mm
away from the quenching end, respectively. The corre-
sponding microstructures are lath and lamellar marten-

site, granular bainite and eutectoid structure with a
little fraction of ferrite in the grain boundaries, re-
spectively, which agree quite well with the calculated
results.

Similar to AISI P20 steel, numerical and experimen-
tal analysis were also conducted on ASSAB718 steel
and the results are shown in Figs. 8(a)–(d). Unlike AISI
P20 steel, the austenite in ASSAB718 steel bar decom-
poses into only two phases, martensite and bainite
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Fig. 8. Calculated and experimental results of microstructure distribution of ASSAB 718 steel after 7200 s of end-quenching: (a) calculated results of
microstructure distribution; (b) contour of microstructure distribution; (c) metallograph of the quenching end (martensite); (d) metallograph of the section
150 mm from the quenching end (bainite).

after end quenching from the same austenizing temper-
ature. The volume fractions of the two phases along the
end-quenching bar are given in Fig. 8(a). The contour
plots of the two phases after 7200 s of end quenching are
also shown in Fig. 8(b). The region in which the volume
fraction of martensite is in excess of 50 pct extends from
the surface to a depth of about 37 mm, and the rest region
is mostly consists of bainite. No pearlite and ferrite are
found in the calculation of end quenching of ASSAB718
steel. The metallographic analysis results are given in
Figs. 8(c) and (d). It can be seen from the figures that
martensite is formed in the quenching end of ASSAB718
steel, and granular bainite is found in the region 150 mm
away from the quenching end. It can be drawn from the
above-mentioned figures that the predicted microstruc-

ture distributions are in good agreement with the exper-
imentally measured results.

Hardness prediction
Though hardness is a principal investigation perfor-
mance of the end-quenching test, the hardness pre-
dictions, because of the numerous factors (e.g. the
cooling rate, microstructure, steel composition, etc.) that
affect the hardness values, are quite difficult. Most of
the present models of hardness predictions are based
on empirical formulas, which are highly dependant on
the experimental conditions, steel types, and so on.

According to the calculated microstructure results,
along with the cooling rates of each node at 700◦C (see
Fig. 6), the hardness profiles of AISI P20 steel bar are
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Fig. 9. Comparison between calculated and experimental hardness curves of
AISI P20 steel.

estimated using empirical formulas (10) and shown in
Fig. 9. As can been seen from the figure, except for the
quenching end, the calculated results are in good agree-
ment with the experimentally measured results.

Conclusion

1 A two-dimensional nonlinear finite element
method was established to determine the tempera-
ture variation in a revised end-quenching test. The
results show that the cooling rate is higher nearer to
the quenching end, but becomes almost constant at
the points beyond 110 mm away from the quench-
ing end.

2 The calculated microstructure distribution indi-
cates that martensite is formed in the region 0–
25 mm from the quenching end and bainite exists
in the region between 10–110 mm; and in the region
beyond 110 mm from the quenching end, pearlite
and a little fraction of ferrite are the fundamental

constituents. The metallographic analysis fits the
calculated results well.

3 The hardness predictions based on the empirical
formulas are in agreement with the measured hard-
ness profile.
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