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Experiments were conducted to investigate the cooling manner of an ultra-thick hot aluminum alloy plate during multistage
quenching. Cooling curves and heat flux curves of different rapid quenching flux varied from 23 to 40 L min"' and were analyzed
in detail. In this investigation, cooling process was divided into the following four steps: (I) starting step, (II) rapid cooling step,
(I1I) slow cooling step, and (IV) stopping step. Based on the curves, the calculation method for surface transfer coefficient was
provided, and the effects of coefficient on surface temperature and quenching flux were discussed. Results showed that the
transfer coefficient disagreed with heat flux and that it is a nonlinear function of surface temperature. The highest coefficient was
observed not in the rapid cooling step with the largest heat flux but in the slow cooling step with lower heat flux. The coefficient
increased with surface temperature ranging from 480 to 150°C, and a coefficient peak appeared in the temperature range of 150—
100°C. The coeftficient also increased with quenching flux. Finally, a simulation was performed using the finite element method

to verify the reliability of the coefficient results, which showed good agreement with the measurement values.
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1 Introduction

Al-Zn-Mg-Cu aluminum alloys are developed to satisfy
aviation demands. With the development of design ideas in
integral component manufacturing, the demand for large-
sized and high-performance aluminum alloy increases sig-
nificantly in the aviation industry [1]. A larger and more
integral structure avoids traditional welding and riveting; this
advantage can raise reliability and reduce weight. However,
integral component manufacturing calls for strict require-
ments in size, comprehensive properties, and homogeneity
[2]. In the thickness direction, performance homogeneity,
such as inhomogeneity in heat treatment structures and re-
sidual stress, is the key to designing and manufacturing
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aluminum plates. After quenching, at the center layer of the
plate, inhomogeneity precipitation of the equilibrium phase
at the grain and phase boundaries would lead to low com-
prehensive performance because of insufficient strengthen-
ing of precipitates during aging. The residual stress
generated in quenching is extremely high to be eliminated by
pre-stretching [3,4]. Inhomogeneity and residual stress have
been considered important challenges for international alu-
minum processing industry [5-7].

Inhomogeneity of mechanical properties and residual
stress are both related directly and inversely, respectively, to
the cooling rate of the plate. With increasing thickness, the
cooling rate of the center reduces and the temperature dif-
ference between the surface and center increases, resulting in
slack quenching in the center and high residual stress, re-
spectively. To improve the mechanical properties, the cool-
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ing rate must be increased. However, the cooling rate must be
reduced to decrease the residual stress. Hence, a proper
cooling rate should coordinate the mechanical properties of
the center and residual stress, and temperature field predic-
tion initially solves this problem.

Heat transfer in plate quenching includes convection with
water, radiation, and center-to-surface conduction. Convec-
tion and radiation can be summarized to describe surface
heat transfer, whereas conduction is based on the decrease in
surface temperature. Therefore, to predict the temperature
field, surface heat transfer coefficient must be calculated
precisely. Aiming at the surface heat transfer coefficient of
the plate, numerous research has been performed on the
subject of steel with the inverse method [8—10]. Price and
Fletcher [11] studied the effects of the surface temperature on
the surface heat transfer coefficient of steel in water, poly-
mer, and oil quenchants. They observed the association of
the cooling effect with the degree of stability of the vapor
blanket produced during the early stages of quenching.

However, only several investigations focused on alumi-
num plates [12,13]. Wang et al. [14] studied heat transfer on
a hot plate during water jet impingement cooling and ob-
served that the surface temperature significantly influenced
the coefficient. Zhang et al. [15] designed a multistage
quenching process for a 7050 aluminum alloy to increase the
heat-transfer coefficient, reduce the residual stress, and ob-
tain the coefficient via the end-quenching method. Sample
size is extremely small to reflect the industrial practices.
Other researchers have directly studied quenching properties
and residual stress [16—18], thus avoiding the influence of
the cooling step. Hence, little attention has been paid to the
cooling mechanism of industrial scale aluminum plates.

In the present investigation, an industrial scale ultra-thick
aluminum plate was used to study the cooling mechanism in
a roller-type spray quenching furnace. A heat preventing
facility was designed to measure the real-time temperature.
Based on the actual cooling curve, the surface transfer
coefficient of the aluminum plate and the calculation method
were studied. The coefficient was finally verified via the
finite element method.

2 Materials and methods

2.1 Material and experimental facilities

An aluminum alloy ultra-thickness plate with a nominal
composition of Al-2.2Cu-2.0Mg-6.5Zn-0.12Zr-0.05Ti (wt.
%) was selected for investigation. Plate size spanned
180 mm (ND)*1100 mm (TD)x1300 (RD) mm. Table 1
shows the thermal properties of the alloy from 20 to 500°C;
the density was considered to be constant.

Figure 1 illustrates the experimental facility. Heat transfers
of the upper and lower surfaces were considered to be the
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Table 1 Thermal properties of the plate

Temperature Conductivity Specific Density

(°C) (Wm?°C™") heat Jkg™'°C™) (kg m™)
20 1.45%x10° 8.37x10°
100 1.50x10 8.96x10°
200 1.55%10? 9.63x107

, \ 2850
300 1.60x10 1.05x10
400 1.65%10 1.13x10°
500 1.70x10 1.19x10°

Thermal-protective coating
4 l V' / EE EE
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Figure 1 Sketch of the experimental facility.

same. Thus, the thermocouples were only set in the upper
part of the plate. To set the thermocouples, a 10-mm deep
groove was first milled in the upper part of the plate. Then,
four holes with a size of ®8%90 (depth) mm were drilled with
thicknesses of 5, 30, 60, and 90 mm in the normal direction
(see Figure 1). After mounting the thermocouples in the
holes, asbestos was plugged into the holes to prevent water
from entering and to direct heat transfer to the thermo-
couples. Outside the holes, high temperature adhesive was
used to immobilize the thermocouples to ensure the direct
contact between the material and these devices. Finally,
massive asbestos was plugged into the groove and was im-
mobilized by a steel sheet to achieve better waterproof and
heat prevention.

A thermos detector is a real-time and heat-resistant tem-
perature measuring facility. In the present study, the mea-
surement interval was 0.2 s. The facility was placed on the
other aluminum sheet connected to the temperature-mea-
suring plate. The thermos-detector was also wrapped with
asbestos to prevent heat transfer and was placed in a steel
protector to prevent water from entering.

The thermocouple in the first hole (5 mm) was connected
with the upper face of the hole. The distance from the upper
surface to thermocouple reached 1 mm. As the surface
temperature cannot be measured directly, the temperature
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measured in the first hole was considered as the surface
temperature of the plate.

2.2 Experimental procedures

Figure 2 shows the experimental procedure. The plate was
first heated to 480°C in the solution furnace. Then, it moved
sequentially from the entrance area to the large flow area and
small flow area and finally settled in the small flow area. The
moving speed was 100 mm s ', and the time to leave the
areas reached 6, 42, and 78 s. Total measurement time was
150 s. The plate was maintained from 78 to 150 s in the small
flow area. In this experiment, the flux of the small flow area
remained unchanged, while the effect of flux of the large

Small flow area
3600 mm

Entrance area Large flow area
600 mm 3600 mm

CONORORONE

AARIERARRAR
100 mm s~

DO OO0

42s
Time

78 s

Figure 2 Sketch of the experimental procedure.
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flow area on heat transfer coefficient was studied. Table 2
shows the testing technology.

3 Results and discussion

3.1 Cooling curves and heat flux curve

Figure 3 displays the cooling curves in different thicknesses
of various flux. As the temperature at different thicknesses is
known, heat flux at every second can be calculated. As stated
above, heat transfers of the upper and lower surfaces were
assumed to be the same, and only the upper half of the plate
was considered. Within /—Af to ¢ seconds, the heat flux taken
away by water flow equals heat reduction (¢) of the plate,
and it can be calculated as a function of decrease in tem-
perature as follows:

12
p=c,pAf, (T ,~T)d, (1)

Table 2 Testing processes

Flux of large Flux of small

Moving speed

Test Number flow area flow area 2
(L min"") (L min ") (ms™)
L40 40
L35 35 23 0.1
L23 23
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Figure 3 (Color online) Cooling curves in different thicknesses of various flux, cooling processing can be divided into the following four steps: (I) starting
step, (II) rapid cooling step, (III) slow cooling step, and (IV) stopping step. Flux of the large flow area measured (a) 40, (b) 35, and (c) 23 L min .
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where c, refers to the specific thermal capacity of the plate; p
represents the density; 4 is the upper surface area; 7, and
T,—At are temperature fields of ¢ and r—A¢ moment, respec-
tively; [ corresponds to the plate thickness.

Figure 4 shows the heat flux curves calculated by eq. (1) in
every second of different quenching flux. Comparing the
cooling curves (Figure 3) and heat flux curves (Figure 4),
similar cooling trends were observed for different quenching
flux. Based on the curves and considering the cooling areas
passed by the plate in the quenching furnace (see Figure 2),
cooling process can be divided into the following four steps:
starting step, rapid cooling step, slow cooling step, and
stopping step.

(I) Starting step: When the plate was removed from the
solution furnace and transferred into the entrance area, owing
to the absence of water flow, the cooling rate was remarkably
slow, and this very slow cooling step was defined as the
starting step. When the flux of the large flow area reached 40
and 35 L min"', the duration of the starting step totaled 6 s,
which was the time required by the plate to pass through the
entrance area. However, when the flux totaled 23 L min ',
the length was 11 s, and the plate had already moved into the
large flow area. At the beginning of the cooling process, a
considerable amount of water was evaporated. Then, the
plate was surrounded by plenty of vapor, which prevented
heat transformation. When the quenching flux was suffi-
ciently large, the vapor would be pushed away by water jet
impingement, thus resulting in a minimal influence on test
L40 and L35. However, in L23, the cooling effect was pre-
vented by vapor, and the duration of the starting step was
prolonged.

(IT) Rapid cooling step: In rapid cooling step, the surface
cooling rate peaked immediately. Surface temperature de-
creased significantly, and the cooling rate changed minimally
and remained at a high value. However, in the interior layer,
the cooling rate was initially slow, but it accelerated gradu-
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Figure 4 (Color online) Heat flux curves of different quenching flux,

cooling process can be divided into the following four steps: (I) starting
step, (II) rapid cooling step, (III) slow cooling step, and (IV) stopping step.
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ally because of the increasing temperature difference be-
tween the surface and the interior. When the interior cooling
rate reached that of the surface, the temperature was the
highest, and the step was concluded at this moment.

As shown in Figure 3, maximum temperature differences
between the surface and the center of test L40, L35, and L.23
reached 272.9, 247.5, and 244.1°C, whereas the moments
spanned 42, 60, and 70 s, respectively. Results indicated that
the rapid cooling step not only occurred in the large flow
area. With the decrease in quenching flux, the length of this
step was also prolonged. Corresponding to the cooling
curves, heat flux (see Figure 4) of the three tests reached a
significantly high level of over 1000 kJ in every second
throughout the step. In this step, heat flux peaks decreased
with decreasing quenching flux, and the peak time was also
delayed.

(IIT) Slow cooling step: When the cooling rate at the sur-
face was lower than that of the center, the slow cooling step
started. In this step, the surface temperature was low, and the
temperature difference between surface and surrounding
decreased significantly. Thus, the surface cooling rate de-
creased. However, the center cooling rate, depending on
surface temperature, remained at high levels because of the
large temperature difference. Heat flux also decreased re-
markably, as shown in Figure 4.

(IV) Stopping step: No clear distinction was observed
between the stopping step and the slow cooling step. In this
step, the surface temperature changed minimally, and the
heat flux decreased with time.

Notably, for aluminum quenching, the most critical step is
the rapid cooling step. In this step, the temperature difference
between surface and center reached its peak, corresponding
strongly with the mechanical properties and residual stress of
the plate. As shown in Figure 3, the surface of the plate
cooled down first, and the center was cooled by heat con-
duction depending on temperature difference. Thus, the
center cooling rate was significantly high with a large tem-
perature difference, thus leading to improved mechanical
properties. However, the large temperature difference will
cause high compressive residual stress in the surface layer
and tensile stress in the center. Hence, controlling the cooling
rate of the rapid cooling step is the key to coordinating the
mechanical properties and resident stress. The cooling rate
can also be predicted based on the heat transfer coefficient.

3.2 Effect on heat-transfer coefficient

3.2.1 Calculation of heat-transfer coefficient
As stated above, the half plate was used to calculate the heat
transfer coefficient. Heat reduction was computed using eq.

172
(1) while considering the following: IO (T,—T,_,)dl =S, eq.

(1) then becomes:
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p=c, pAS. 2)

Within r—At to ¢ seconds, the heat (¢) taken away by water
flow on the surface equals the reduction of the plate and can
be calculated as a function of the temperature difference
between the surroundings and the surface:

o =h, oA] (T, T ), ()

where 4, ,, denotes the surface heat transfer coefficient at ¢
—At moment. Then, we considered the following equation:

J't (Tf* Tw)df = P, eq. (3) then becomes:
t—At
9 =h, AP, 4)

From eq. (2) and eq. (4), the surface heat-transfer coefficient
at +—At moment is given by the following:

b= 5)
Eq. (5) shows that the heat transfer coefficient is proportional
to heat reduction and inversely proportional to the tem-
perature difference between the surface and the surround-
ings.

3.2.2  Heat transfer coefficient with time
Figure 5 shows the heat transfer coefficient for every second,
as calculated by eq. (5). Corresponding to the above-men-
tioned cooling process, which can be divided into four steps,
the coefficients followed a different trend. In the starting
step, the coefficients were small. In the rapid cooling step,
the coefficients increased significantly following a linear
trend, and they increased with increasing quenching flux. In
the slow cooling step, the coefficients increased slightly, and
peaks appeared at the end of this step. In the stopping step,
the coefficient decreased remarkably in a linear trend.
Figures 3—5 show that in the rapid cooling step, despite the
highest surface cooling rate and heat flux observed, the
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Figure S (Color online) Heat transfer coefficient at every second of
different quenching flux, the cooling process was divided into the following
four steps: (I) starting step, (II) rapid cooling step, (III) slow cooling step,
and (IV) stopping step.
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coefficient was not the highest. However, in the slow cooling
step, when the cooling rate decreased, the coefficient reached
the peak. In the rapid cooling step, the surface temperature
decreases gradually from a significantly high value, thus
resulting in the reduction of the temperature difference be-
tween the surface and surroundings. The coefficient is in-
versely proportional to the temperature difference (see eq.
(5)). Thus, despite the significantly high heat flux, the
coefficient was small at the beginning and increased with the
reduction in the temperature difference. However, the sur-
face temperature has decreased remarkably to a considerably
low value in the rapid cooling step. As a result, the surface
temperature changed minimally in the following steps, and
the same result was observed for temperature differences.
Hence, although heat flux decreased, the coefficient reached
the peak in the following slow cooling step.

3.2.3 Effect of surface temperature and quenching flux
According to the corresponding relationship between the
surface temperature and time, the coefficient curve of time
can be transferred to the surface temperature, as shown in
Figure 6. Results showed that the coefficient increased with
decreasing surface temperature. For example, in test L40, in
the starting step (I), the coefficient gradually increased from
a very low value to ~2500 W m > °C"', and the temperature
ranged from 480 to 440°C. In the rapid cooling step (II), the
coefficient increased from 2500 to 15000 W m > °C ™' with
surface temperature ranging from 440 to 145°C. In the slow
cooling step (III), the coefficient increased to a peak value of
20000 W m > °C”', with the temperature changing from 150
to 100°C. Finally, when completing step (IV), the coefficient
decreased significantly below 100°C. L35 and L.23 exhibited
trends that were similar to that of L40. However, the coef-
ficient decreased with the reduction of quenching flux. The
trends of these curves agree with measurements obtained by
Wang et al. [14].

o 2.0%10+ 40 Lmin '
N o 35 L min~'
£ 23 L min '
2 1.5x10Y]
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%
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. —

L i e e B e B
50 100 150 200 250 300 350 400 450 500
Surface temperature (°C)

Figure 6 (Color online) Heat transfer coefficient at different surface
temperatures, the cooling process is divided into the following four steps:
(I) starting step, (II) rapid cooling step, (III) slow cooling step, and (IV)
stopping step.
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Figure 7 (Color online) Comparison of the simulated cooling curves with measurements, the flux of large flow area measured (a) 40, (b) 35, and (c)

23 L min .

3.3 Verification by simulation

The temperature field of this quenching process was simu-
lated using the finite element method software ABAQUS
6.10. The size of the geometry model was 0.018 mx0.11 mx
0.13 m. Table 1 lists the thermal parameters used in simu-
lation. The heat transfer coefficient used in this simulation
was obtained by eq. (5), as shown in Figure 6. The model was
meshed in the equal mesh method, and an element type of
C3DS8T was selected. To coordinate the actual conditions of
temperature measurements, the coefficient was assigned
only to the upper and lower surfaces and not to the side face
of the plate. The initial plate temperature measured 480°C.

After the simulation, the cooling curves at the same loca-
tions were compared with actual measurements, and the re-
sults are shown in Figure 7. The simulation curves showed
good agreement with the measurements, thus indicating the
credibility of the heat transfer coefficient and the calculation
method.

4 Conclusions

(1) In this investigation, based on the cooling curves and heat
flux curves, the cooling process comprised the following

four steps: (I) the starting step, (II) rapid cooling step, (III)
slow cooling step, and (IV) stopping step. The highest heat
transfer coefficient was observed not in the rapid cooling
step with the largest heat flux but in the slow cooling step
with the lower heat flux.

(2) The coefficient gradually increased with reduction in
the surface temperature from 480 to 150°C. The coefficient
peaked at temperatures ranging from 150 to 100°C with a
sudden increase, but it decreased significantly below 100°C.
The coefficient also increased with the quenching flux of
large flow area in the rapid and slow cooling steps.

(3) The cooling curves by simulation showed good
agreement with the measurements, thus verifying the accu-
racy of the heat transfer coefficient and calculation method.
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