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Abstract: According to inverse heat transfer theory, the evolutions of synthetic surface heat transfer coefficient (SSHTC) of the
quenching surface of 7B50 alloy during water-spray quenching were simulated by the ProCAST software based on accurate cooling
curves measured by the modified Jominy specimen and temperature-dependent thermo-physical properties of 7B50 alloy calculated
using the JMatPro software. Results show that the average cooling rate at 6 mm from the quenching surface and 420—230 °C (quench
sensitive temperature range) is 45.78 °C/s. The peak-value of the SSHTC is 69 kW/(m2~K) obtained at spray quenching for 0.4 s and
the corresponding temperature of the quenching surface is 160 °C. In the initial stage of spray quenching, the phenomenon called
“temperature plateau” appears on the cooling curve of the quenching surface. The temperature range of this plateau is 160—170 °C
with the duration about 3 s. During the temperature plateau, heat transfer mechanism of the quenching surface transforms from
nucleate boiling regime to single-phase convective regime.
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1 Introduction

7B50 alloys, as one of 7xxx series ultra-high-
strength aluminum alloys, are widely used in the
aerospace industry due to their excellent properties [1-3].
Because of the increasing size and integration of aviation
components [4], the thickness of 7B50 alloy plates has
been increasing. To the 7B50 alloy plates with big
thickness, their quenching process after solid solution
treatment is the key fact to the whole heat treatment
process [5,6], whose cooling rate should be generally
proper high enough to obtain the supersaturated solid
solution after quenching. However, the over-high cooling
rate during quenching process can cause large quenching
stress inside of the plates, leading to the distortion,
deformation and even cracking [7]. The evolutions of
cooling rates in thick plates can be described by the
synthetic surface heat transfer coefficient (SSHTC) of
the quenching surfaces. Therefore, it is important to
obtain the data of the SSHTC for calculating and

predicting the actual quenching effects of the thick
plates [8—10].

Up to date, the SSHTC of the quenching surface is
mainly calculated using the inverse heat transfer theory
based on measured cooling curves in quenching
workpieces [11—13]. The specific calculation methods
include the lumped heat capacity method [10,14],
finite difference method [15,16], boundary element
method [17,18] and artificial neural network method [19],
etc. Many studies have been performed to calculate the
SSHTC and investigate the factors affecting the SSHTC.
XIAO et al [20] obtained the SSHTC of the quenching
surfaces at different orientations of aluminum casting
during immersion quenching. XU et al [21] discussed the
effects of quenching surface roughness and water
pressure on the SSHTC of 6082 alloy. YANG et al [8]
investigated the influence of water temperature on the
SSHTC of A357 alloy cylindrical bars. ULYSSE et al [22]
reported the effect of coatings on the SSHTC of 7075
alloy cylindrical probes. By using the finite element
method (FEM), LI et al [23] studied the evolutions of the
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SSHTC, surface hardness and surface residual stress of
40Cr steel specimens during quenching by high pressure
nitrogen.

In recent years, the FEM has been developed greatly
due to the rapid improvement on computer hardware and
software. Because of the high computational accuracy of
modern FEM software, the precision of the calculated
SSHTC mainly depends on measured cooling curves in
workpieces. However, the existing methods for
measuring the cooling curves in workpieces of aluminum
alloys have many limitations. For instance, thermo-
couples are difficult to install accurately to record
temperature—time data and the contact between
thermocouples and the workpiece is poor. Besides, the
thermocouples are lack of necessary insulation to avoid
the interference from outside enviroment [24]. All these
restrictions lead to that the measured cooling curves
cannot reflect the actual quenching process of the
workpiece.

In the present work, with the accurately measured
cooling curves during water-spray quenching in the
modified Jominy specimen [24,25] of 7B50 alloy and the
temperature-dependent properties of this alloy calculated
using the JMatPro software, the SSHTC of the quenching
surface was calculated by the ProCAST finite element
software. The evolutions of the SSHTC with quenching
time and surface temperature during water-spray
quenching were obtained aiming to provide essential data
for calculating and predicting the quenching effects of
7B50 alloy thick plates.

2 Model description

2.1 Basic equations of heat transfer process

According to the Fourier law and energy
conservation law, the heat conduction equation for
transient problems can be described in rectangular
coordinates as follows [23]:

o,,0r, o, 0, o0 ,6,0T
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ax( ax) 8y( ay) 62( az) q, = pc (1)
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where A is the thermal conductivity, 7 is the
thermodynamic temperature of the specimen, p is the
density of the material, c, is the specific heat capacity at
constant pressure, ¢ is the quenching time and g, is the
latent heat of phase transformation in per unit volume.
As the water-spray quenching process inhibits the
formation of precipitates in specimens, g, can be set to
Zero.

The initial condition of numerical simulation of heat
transfer process is the initial temperature field of the
specimen, which is the starting point of calculation and
can be expressed as follows:

T(x,,2,0)| 2 =T (x,7.2,0) )

where T(x, y, z, f) is the temperature field of the
specimen, which is a function of space coordinates (x, y,
z) and quenching time (f). In the present work, the initial
condition of spray quenching process is the initial
temperature field of the modified Jominy specimen
before quenching, which is a uniform temperature field
with the solution treatment temperature.

The heat transfer boundary condition describes the
mode of heat exchange between the quenching surface
and quenching medium. In the present work, the heat
transfer boundary condition of the spray quenching
process is defined as the third type condition including
the convection and radiation heat transfer processes,
which can be expressed as

q”:hconV(T;_Tél)+hrad(7;_Tq):h(T;_TZ]) (3)
where g" is the heat flux density, /.y is the convection
coefficient, A4 is the radiation coefficient, 4 is the
SSHTC, T is the temperature of the quenching surface
and T, is the temperature of quenching medium. The
SSHTC (k) is the synthetic equivalent coefficient
including the convection and radiation heat transfer
coefficients to accurately describe the complex heat
transfer process on the quenching surface. In the present
work, during water-spray quenching, the SSHTC of the
quenching surface is much larger than the heat transfer
coefficient of non-quenching surfaces cooled at ambient
temperature. Therefore, heat transfer process of the
specimen can be simplified as one-dimensional heat
transfer along the axial direction of the specimen. In
simulation process, heat transfer boundary condition of
the quenching surface should be set as the SSHTC while
heat transfer boundary condition of the non-quenching
surfaces should be set as either air-cooling or adiabatic
condition, which has little effect on the final simulation
results.

2.2 Ideas and procedures of finite element modeling
Figure 1 shows the flow charts of two different
methods of finite element analysis. The direct modeling
method (Fig. 1(a)) represents the solving process of
general problems. Based on the geometry model divided
into elements, the data of material properties, initial
conditions and boundary conditions, the calculation
results such as temperature field of the specimen can be
obtained by finite element software. Compared with the
direct modeling method, the inverse modeling method of
finite element analysis (Fig. 1(b)) can be used to estimate
the unknown boundary conditions in experiments. When
internal temperature field (cooling curves) of the
specimen has been experimentally measured and the heat
transfer boundary conditions in the experiment need to
be estimated, the inverse modeling method can be used.
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Fig. 1 Flow charts of different methods of finite element analysis: (a) Direct modeling; (b) Inverse modeling

In the present work, the “thermal history” which is
the temperature field (cooling curves) of 7B50 alloy
thick plates is accurately measured using the modified
Jominy specimen during water-spray quenching. The
purpose is to obtain the heat transfer “boundary
conditions” which are the relationships between the
SSHTC of the quenching surface and quenching time
and surface temperature. The initial SSHTC curve is
calculated by the inverse calculation module of the
ProCAST software. When the initial SSHTC curve is
used as the heat transfer boundary condition, the cooling
curve nearest the quenching surface can be obtained
using the direct calculation module. Comparison and
analysis of the calculated cooling curve with the
corresponding measured cooling curve by the nonlinear
estimation method, the initial SSHTC curve is repeatedly
modified to ensure that the calculated cooling curve
nearest the quenching surface is close to the measured
cooling curve. When the difference between the
calculated and measured cooling curves is less than the
convergent condition, the final SSHTC curve of the
quenching surface can describe actual characteristics of
the heat transfer process between the quenching surface
and quenching medium during water-spray quenching.

3 Experimental

The material used in the present work was a
hot-rolled 7B50 alloy plate with 80 mm in thickness and
its chemical composition is shown in Table 1. The
modified Jominy specimen with the effective size of
d70 mm x 170 mm was made of this plate and its axial
direction was parallel to the rolling direction of the plate.
The shape of the modified specimen was similar to the
widely used Jominy specimen in steel industry [26,27],
but the modified specimen could be divided into two
parts making more convenient to install thermocouples
accurately and firmly along axis of the specimen. The
picture, assembly diagram, finite element geometry
model of the specimen and experimental devices are
shown in Fig. 2.

Table 1 Chemical composition of 7B50 aluminum alloy (mass
fraction, %)

Zn Mg Cu Fe Si Zr
64 23 21 0.09 0.05 0.12

Others (single) Al
<0.05 Bal.

Seven NiCr—NiSi type thermocouples
installed at the bottom of the groove in the specimen
(Fig. 2(a)) by the way of drilling and riveting with the
distance of 6, 10, 15, 25, 35, 65 and 100 mm,
respectively, from the spray quenching surface
(Fig. 2(b)). The diameter of thermocouple wire was
0.254 mm and dynamic response time of the
thermocouple was 0.05 s. After the thermocouples were
installed, two parts of the specimen were bolted together
at the bottom with bolts made of the same alloy and
fastened in circumferential direction of the specimen.
The shape and size of the modified Jominy specimen are
shown in Fig. 2(c). According to the symmetry of the
specimen, 1/2 geometry model of the specimen was
established by the ProCAST software and then it was
divided into 3 mm elements which were main
hexahedron elements and a few wedge elements, as
shown in Fig. 2(d). The specimen was solution-treated
with two steps ((470 °C, 2 h) + (483 °C, 4 h)), and then
transferred to the quenching devices within 5 s for
water-spray quenching tests by spraying-water at about
20 °C, as shown in Fig. 2(e). The diameter of the spray
nozzle was 12.5 mm and the distance between the nozzle
and the quenching surface was 12.5 mm. The height of
water jet without the specimen was 90 mm. The
temperature—time data during water-spray quenching
tests were collected by a HIOKI 8430—21 data recorder
and acquisition frequency was set to be 10 Hz.

were

4 Results and discussion

4.1 Relationship between thermo-physical properties
of 7B50 alloy and temperature
The thermo-physical properties of 7B50 alloy at
different temperatures are calculated using the JMatPro
software and the results are shown in Fig. 3. It can be
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Fig. 2 Schematic diagrams of specimen and experimental devices of water-spray quenching: (a) Modified Jominy specimen;
(b) Positions of thermocouples; (¢) Assembly diagram of specimen; (d) Geometry model of finite element method; (¢) Experimental
devices
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Fig. 3 Temperature-dependent thermo-physical properties of 7B50 alloy: (a) Thermal conductivity; (b) Density; (c) Specific heat
capacity; (d) Poisson ratio
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seen that the thermo-physical properties of 7B50 alloy,
such as thermal conductivity, density, specific heat
capacity and Poisson ratio change obviously with
increasing the temperature. Therefore, the calculated
temperature field of the specimen will be more accurate
and closer to the tested results by using these
temperature-dependent thermo-physical properties of
7B50 alloy.

4.2 Measurement of temperature field during water-
spray quenching

The measured cooling curves at different locations
of the modified Jominy specimen during water-spray
quenching are shown in Fig. 4 and the calculated
average cooling rates at the corresponding locations in
quench sensitive temperature range of 7B50 alloy
(420-230 °C) [28,29], are shown in Table 2. It can be
seen that the cooling rates decrease sharply with
increasing the distance from the quenching surface. As
shown in Fig. 4 and Table 2, the temperature at 6 mm
from the quenching surface has dropped to 230 °C after
spray quenching only 4.8 s and the calculated average
cooling rate in quench sensitive temperature range is as
high as 45.78 °C/s while the average cooling rate in the
same temperature range at 100 mm from the quenching
surface is only 1.09 °C/s. The average cooling rate at
6 mm from the quenching surface is higher than that
measured by WEN et al [30], XIONG et al [31] and LI
et al [2] at 5 mm from the quenching surface of 6061 and
7050 alloys with similar experimental conditions.
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Fig. 4 Measured cooling curves at different locations of
modified Jominy specimen

Table 2 Average cooling rates in temperature range of 420—
230 °C at different locations of modified Jominy specimen

Distance from
quenching 6 10 15 25 35 65 100
surface/mm

Average cooling

rate/(°C-s 1) 45.78 24.88 11.73 5.67 3.40 1.43 1.09

4.3 Calculation of SSHTC during water-spray

quenching

In order to accurately calculate the SSHTC of the
quenching surface during water-spray quenching, the
thermo-physical properties of 7B50 alloy at any
temperature are determined by B-Splines curve
interpolation method according to Fig. 3. Based on the
measured cooling curves shown in Fig. 4 and the
thermo-physical properties of 7B50 alloy in Fig. 3, the
initial relationship between the SSHTC and quenching
time is obtained using the inverse solution module of the
ProCAST software. With the initial SSHTC curve as the
heat transfer boundary condition, the calculated cooling
curve nearest the quenching surface can be obtained
using the direct solution module of the ProCAST
software. By comparing the calculated cooling curve
with the corresponding measured cooling curve, the
initial SSHTC curve is repeatedly modified to ensure that
the calculated cooling curve nearest the quenching
surface is close to the corresponding measured one. The
final relationship between the SSHTC and quenching
time during water-spray quenching is shown in Fig. 5.
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Fig. 5 Relationship between SSHTC and quenching time
during water-spray quenching

Then, the data of the SSHTC curve in Fig. 5 are
imported to the ProCAST software as the heat transfer
boundary condition to calculate the cooling curves at
different locations of the specimen. Figure 6 shows the
comparison results of the measured (solid line) cooling
curves and the corresponding calculated (dash line)
cooling curves. It is clear that each calculated cooling
curve is very close to the corresponding measured
cooling curve. Therefore, the final SSHTC curve of the
quenching surface calculated by the ProCAST software
with temperature-dependent thermo-physical properties
of 7B50 alloy can truly and accurately reveal the
characteristics of heat transfer process between the
quenching surface and quenching medium during water-
spray quenching.
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Fig. 6 Comparison results of measured (solid line) and

calculated (dash line) cooling curves during water-spray

quenching at different locations from quenching surface:

(a) 625 mm; (b) 35-100 mm

According to the SSHTC curve of the quenching
surface (Fig. 5), it can be seen that the SSHTC reaches
the peak-value of 69 kW/(m>K) at spray quenching for
0.4 s. After that peak, the value of the SSHTC drops
rapidly with increasing the quenching time. For instance,
the duration of the SSHTC higher than 50 kW/(m”>K) is
less than 0.3 s, with increasing the quenching time to 4 s
the value of the SSHTC drops to 15 kW/(m*K) and
prolonging the quenching time over 300 s the value of
the SSHTC is stable at 3—6 kW/(m>K). In the present
work, the peak-value of the SSHTC is higher than that
(17-50 kW/(m*K)) reported in Refs. [21,30-33], but the
stage of heat transfer with high value of the SSHTC lasts
only a few seconds throughout the spray quenching
process. The main reason for this phenomenon is that the
modified Jominy specimen in the present work has many
advantages, including thermocouples accurately installed
in the specimen, firmly bonding with the specimen and
rapidly responding to temperature variations, which will
reduce the influence of temperature hysteresis to the
minimum. The installation locations of thermocouples
are so close to the quenching surface, resulting in the

acquired temperature—time data which can accurately
record the heat exchange process near the quenching
surface. The acquisition frequency of temperature—time
data is high enough to guarantee that the measured
cooling curves in the specimen especially near the
quenching surface can truly reflect temperature
variations in a small interval of quenching time.
Therefore, it is reasonable to believe that the calculated
SSHTC curve of the quenching surface in present work
is more accurate.

When the data of the SSHTC curve in Fig. 5 are
used as heat transfer boundary condition, the cooling
curve at center point of the quenching surface is
obtained, as shown in Fig. 7. The cooling curve
expressed by linear coordinates (Fig. 7(a)) shows that the
cooling rate on the quenching surface is extremely high
in temperature range of 483—160 °C during water-spray
quenching. However, a slight temperature fluctuation
appears in temperature range of 160—170 °C on this
cooling curve. Figure 7(b) shows that within 0.5 s of
water-spray quenching, temperature of the quenching
surface decreases rapidly from 483 to 160 °C followed
by a slight temperature fluctuation at about 0.5 s, which
corresponds to the temperature fluctuation in Fig. 7(a).
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Fig. 7 Calculated cooling curves at center point of quenching
surface: (a) Linear coordinates; (b) 0—6 s cooling curve

expressed by linear coordinates; (c) Logarithmic coordinates
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Figure 7(c) shows the same cooling curve at center point
of the quenching surface expressed by logarithmic
coordinates. By comparing Figs. 7(a), (b) and (c), it can
be found that the slight temperature fluctuation in
Figs. 7(a) and (b) is consistent with the approximate
temperature plateau in Fig. 7(c). The temperature plateau
appears at 160—170 °C and lasts about 3 s. XIONG
et al [34] also found temperature fluctuations in
temperature range of 90—140 °C at the cooling curves on
the quenching surface of the 7050 alloy which were
calculated by two different mathematical models. In
addition, BUCZEK and TELEJKO [35] observed
temperature fluctuations in measured cooling curves at
locations of 1.1-4.5 mm from the quenching surface
when the brass probes were immersion quenched. For
instance, the temperature fluctuation appeared in
temperature range of 260—290 °C and its amplitude was
30 °C at 1.1 mm from the quenching surface. They
thought that the main reason for this temperature
fluctuation was the formation and subsequent rupture of
steam films on the quenching surface in the initial stage
of quenching.

When metal workpieces are immersion quenched in
liquid medium, the heat transfer process between
quenching surfaces of the workpieces and quenching
medium often has four regimes including the film boiling
regime, transition boiling regime, nucleate boiling
regime and single-phase convective regime. The heat
transfer coefficient in film boiling regime and single-
phase convective regime is low, while it is middle in
transition boiling regime and high in nucleate boiling
regime [36,37]. However, the experimental conditions of
water-spray quenching and immersion quenching are
quite different. In spray quenching process, flow velocity
of quenching medium is fast and remains stable ensuring
that the quenching surface always keeps close contact
with quenching medium. As shown in Fig. 7(b), within
0.5 s of water-spray quenching, temperature of the
quenching surface decreases linearly with the increase of
the quenching time, furthermore, the cooling rate on the
quenching surface is extremely high and almost a
constant, indicating that the characteristics of film
boiling regime are not obvious in this duration [21,38].
Therefore, in the initial stage of water-spray quenching,
the heat transfer process of the quenching surface is
dominated by nucleate boiling regime. Subsequently,
with the quenching time over 0.5 s, the cooling rate on
the quenching surface drops sharply. As shown in
Fig. 7(c), the temperature plateau at 160—170 °C starts at
about spray quenching for 0.5 s which coincides with the
SSHTC sharp decrease from its peak-value (at spray
quenching for 0.4 s), resulting in a sudden decrease of
the heat flux flowing out from the quenching surface.
Therefore, the heat transfer mechanism of the quenching

surface transforms from nucleate boiling regime to
single-phase convective regime during the temperature
plateau. However, the above complex transformation
process spends less than 1 s. In such a short time,
temperature of the most parts inside the specimen is still
at solid solution temperature, leading to a huge
temperature gradient along the axial direction of the
specimen. Fourier law of one-dimensional heat transfer
process shows that the heat flux is proportional to
temperature gradient in the specimen and the thermal
conductivity of material. In the initial stage of quenching,
the heat flux flows out from the quenching surface to
quenching medium sharply decreasing to a small value
while it flows into the quenching surface from internal
parts of the specimen maintaining at a high value due to
the large temperature gradient perpendicular to the
quenching surface. With temperature of the quenching
surface decreasing to a certain value, the heat flux
flowing out and into the quenching surface will maintain
a dynamic balance for a short period, which is the reason
for the phenomenon called temperature plateau.

After the temperature plateau, temperature gradient
between the quenching surface and internal parts of the
specimen gradually decreases to a small value. When the
heat flux flowing out from the quenching surface is more
than that from the internal parts to the quenching surface,
temperature of the quenching surface will decrease again.
At this moment, the heat transfer mechanism of the
quenching surface has transformed to single-phase
convective regime. Therefore, variation tendency of the
cooling curve at center point of the quenching surface is
shown in Fig. 7 during water-spray quenching process.

Figure 8 shows the relationship between the SSHTC
and temperature of the quenching surface. It is found that
the value of the SSHTC firstly increases rapidly with
decreasing the temperature of the quenching surface until
to the peak-value. As an example, the value of the
SSHTC increases from 0 at 483 °C to its the peak-value
of 69 kW/(m*K) at 160 °C. Subsequently, the
temperature plateau appears on the cooling curve at
center point of the quenching surface, leading to a sharp
drop of the SSHTC in a slight temperature fluctuation of
the quenching surface, which can be attributed to the
rapid transformation of the heat transfer mechanism of
the quenching surface from nucleate boiling regime to
single-phase convective regime. For instance, the
SSHTC decreases from the peak-value of 69 down to
15 kW/(m>K) when temperature of the quenching
surface slightly decreases from 160 to 150 °C. With
further decreasing temperature of the quenching surface,
the SSHTC decreases slowly, which results from the fact
that the heat transfer mechanism of the quenching
surface has been in stable single-phase convective
regime.
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5 Conclusions

1) The accurate cooling curves of 7B50 alloy were
measured by the modified Jominy specimen during
water-spray quenching. The average cooling rates at
6 and 100 mm from the quenching surface are 45.78 and
1.09 °C/s, respectively, in quench sensitive temperature
range of 420230 °C.

2) The SSHTC of the quenching surface changes
rapidly with increasing the quenching time and reaches
the peak-value of 69 kW/(m>K) at spray quenching for
0.4 s. The duration of the SSHTC higher than
50 kW/(m*K) is less than 0.3 s, with increasing the
quenching time to 4 s, the SSHTC decreases to
15 kW/(m*K), and prolonging the quenching time over
300 s the SSHTC is stable at 3—6 kW/(m*K).

3) In the initial stage of water-spray quenching, the
phenomenon called temperature plateau appears on the
cooling curve at center point of the quenching surface.
The temperature range of this plateau is 160—170 °C and
the plateau lasts for about 3 s. During the temperature
plateau, the heat transfer mechanism of the quenching
surface transforms from nucleate boiling regime to
single-phase convective regime.

4) During water-spray quenching, with temperature
of the quenching surface decreasing to 160 °C, the
SSHTC of the quenching surface reaches its peak-value.
Subsequently, with temperature of the quenching surface
decreasing from 160 to 150 °C, the SSHTC rapidly
decreases from 69 to 15 kW/(m”>K).
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