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Abstract: Stepped heating treatment has been applied to aluminum alloy thick plate to improve the mechanical performance and
corrosion resistance. Accurate temperature control of the plate is the difficulty in engineering application. The heating process, the
calculation of surface heat transfer coefficient and the accurate temperature control method were studied based on measured heating
temperature for the large-size thick plate. The results show that, the temperature difference between the surface and center of the
thick plate is small. Based on the temperature uniformity, the surface heat transfer coefficient was calculated, and it is constant below
300 °C, but grows greatly over 300 °C. Consequently, a lumped parameter method (LPM) was developed to predict the plate
temperature. A stepped solution treatment was designed by using LPM, and verified by finite element method (FEM) and
experiments. Temperature curves calculated by LPM and FEM agree well with the experimental data, and the LPM is more

convenient in engineering application.

Key words: lumped parameter method; surface heat transfer coefficient; temperature field; aluminum alloy; thick plate

1 Introduction

The importance of temperature fields in heat
treatment of aluminum thick plate is indisputable. The
key parameters in any heat treatment are time and
temperature, which ideally depend on the diffusion of
alloying elements [1]. Due to the importance of
temperature fields in microstructure, they influence the
mechanical and corrosive properties of aluminum alloys
directly. So, searching for a direct method to calculate
the temperature fields of thick plates is important.

Nowadays, stepped heat treatment is a development
trend of aluminum and paid more and more attention.
Stepped heat treatment was first used in aging treatment,
known as retrogression and re-aging (RRA), which was
first applied to 7075 alloy in T6 condition, involving a
short heat treatment in the temperature range of
200—280 °C followed by T6 re-aging [2,3]. Then,
considerable research has been conducted on it, and it is

proved as an advanced aging treatment leading to a
favorable combination of good strength and stress-
corrosion cracking resistance [4—7]. In recent years,
stepped treatments in homogenization [8], solution [9]
and quenching [10] have gradually become research
hotspots. DENG et al [11] studied the two-stage
homogenization scheme of 7085 alloy, and demonstrated
that more homogeneous Al;Zr particles may be nucleated
at the grain boundary in the first low-temperature stage.
CHEN et al [12] studied both the stepped
homogenization and advanced solution of 7055 alloy,
and revealed that a suitable pretreatment could enable a
complete dissolution of #x phase, leading to better
mechanical properties. HAN et al [13] reported the
advanced solution of 7050 alloy, which resulted in
smaller sub-grains than the single-stage solution, and
higher strength and fracture toughness. XU et al [14]
used both advanced solution and RRA, and the obtained
samples showed better mechanical properties for the
higher volume fractions of #' and # precipitates.
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However, almost all these heat treatments strongly
depend on the accurate control of the material
temperature. In these studies, the temperature differences
between the samples and the surrounding are ignored for
the insignificant small size of the samples. But in
practice, based on the measured single-stage surface
heating curve of 7050 thick plate (180 mm in thickness)
in our previous work (see Fig. 1), we found the heating
speed of the metals may be far below the surrounding
because of the low surface heat transfer coefficient and
the large volume. And for the more complex stepped heat
treatment, the traditional heating method would be
completely inappropriate.
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Fig. 1 Measured heating curve of 7050 thick plate (180 mm in
thickness)

In this work, the heating manner was studied with a
7050 super-high strength aluminum thick plate. Based on
the measured heating data, the temperature uniformity
was discussed, and the variation of surface heat transfer
coefficient along with the plate temperature was greatly
concerned. Furthermore, the equation of thick plate
temperature was given with the linear changing of the
gas temperature. At last, a feasible heating method for
stepped solution treatment was designed to verify the
results.

2 Experimental

A 7050 aluminum alloy thick plate with a nominal
composition of Al-2.2Cu—2.0Mg—6.5Zn-0.12Zr-0.05Ti
(mass fraction, %) was chosen for the investigation. The
dimensions were 1300 mm x 1100 mm x 180 mm. In
order to measure the temperature in different thicknesses,
drills were bored on the side face with the depth of
200 mm. The distances between the holes and the surface
are 5, 15, 30, 60 and 90 mm, respectively. Then, K-type
thermocouples were inserted into the bottom of the holes,
which were filled with asbestos to prevent the heat flux.
The temperature measurement facility is illustrated in
Fig. 2.

Temperature Thermal-protective
thermocouple coating
=
EEE E B
/. JEEE 5
' Y —— e E
§Z

Thermodetector

Thick plate

Fig. 2 Illustration of temperature measurement and real device
3 Results and discussion

Heating the gas to 470 °C directly in a resistance
furnace, the heating curves in different thicknesses of
7050 plate with 180 mm in thickness are shown in Fig. 3,
which reveals that the plate temperature is almost
uniform in furnace heating condition, and this is quite
different from steel. Temperature uniformity will be
discussed in the following, and the actual surface transfer
coefficient will be calculated based on it.
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Fig. 3 Heating curves in different thicknesses of 7050 plate

3.1 Temperature uniformity

The temperature uniformity of the thick plate
depends on the factors such as, plate thickness (2/),
surface and center temperatures (7,, and T.), gas
temperature (7%), surface heat transfer coefficient (%) and
heat conductivity coefficient (k). Figure 4 shows the
schematic diagram of the thick plate heating. The surface
transfer heat flux is equal to the plate heat flux of
conduction:

hAtop(Y}_Tw):kAtop(Tw_];)/l (1

where A, is the area of the top face.
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The surface thermal resistance (Ry) is the reciprocal
of the surface heat transfer coefficient R,=1/h, and the
plate thermal resistance from the surface to the center
(R.) is calculated as the ratio of mid thickness to heat
conductivity coefficient R.=l/k.
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Fig. 4 Schematic diagram of thick plate heating

Equation (1) then becomes

TW_TC _Tf_Tw
R R

C W

(2)

T,—T. is the temperature difference between the
surface and the center, and it can be estimated by Eq. (2).
Obviously, smaller plate thermal resistance and larger
surface thermal resistance would decrease the
temperature difference. In resistance furnace, the surface
transfer coefficient (%) is 10-100 W/(m*-K), namely the
minimum surface thermal resistance (R,,) is 0.01 m*-K/W.
For 7050 thick plate (180 mm in thickness), the plate
thermal resistance (R) is only 0.001 m*K/W. With the
measured heating curves shown in Fig. 3, the maximum
temperature difference 7,—T of the plate is estimated in
Fig. 5.
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Fig. 5 Temperature difference between surface and center

Figure 5 shows that the maximum calculated
temperature difference (22 °C) exists at the beginning of
heating process, and decreases as the temperature rises.
But in fact, the measured temperature difference is much
smaller and almost zero in the whole process because the
actual surface thermal resistance is much larger than the
minimum value used in calculation. So, for aluminum
thick plate (thickness below 180 mm), the temperature
can be considered as uniform in furnace heating
(I+—T,=300 °C).

3.2 Calculation of surface heat transfer coefficient

The surface heat transfer coefficient of plate cannot
be measured directly, but can be calculated by measured
heating curves. When the temperature fields of any time
are known, it can be calculated based on the principle of
energy balance, namely heat absorbed by the plate is
equal to the heat transfer on the surface.

Within t—At to ¢, heat absorbed by the plate (¢) can
be calculated as a function of its rise in temperature:

s
0 =2¢,pAgy [ (T, ~T,_p)dl (3)

where c, is the specific thermal capacity of the plate; p is
the plate’s density; 7, and 7, are the temperature fields
at the ¢ and /—Ar moments, respectively.

!
Considering [ (7,~T,_,,)d/ =S, Eq. (3) then

becomes
P =20, A0S )

Within #—At to ¢, heat transfer on the surface (¢) can
be calculated as a function of the temperature difference
between the gas and the surface:

t
o=h_yAf _ (T;=T,)dt (5)

where /5, is the surface heat transfer coefficient at the
t—At moment, A is the surface of the plate.

Considering | ;At(Tf—Tw)de, Eq. (5) then

becomes
@="h_sAP (6)

From Eq. (4) to Eq. (6), the surface heat transfer
coefficient at the /—A¢ moment is given by

— ZcppAtopS

P Q)

t—At
As stated in Section 3.1, the temperature of
aluminum thick plate is uniform. Meanwhile, due to the
slow heating speed of thick plate, when A¢ is small
enough, the gas temperature (77;) and the plate
temperature (7)) can be taken as constant.
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1
So, 8= [y (T, ~T,-5)d = (T, ~ T, ),
t
and P=| T =T)dt = (T =T,y )AL

Therefore, Eq. (7) becomes

26, p Ay (I, ~T,_p )l
At = (8)
ATy =T, _5 A

Based on the measured heating curves shown in
Fig. 3, the surface heat transfer coefficient is calculated
with Eq. (8). Meanwhile, according to the relationship
between plate temperature and time, the correlation
between the surface heat transfer coefficient and plate
temperature is illustrated in Fig. 6. It shows that the
surface heat transfer coefficient is very small and
changes little when the temperature is below 300 °C,
while it increases sharply when the temperature is over
300 °C.

Surface heat transfer coeffient/

30 I L L L
0 100 200 300 400 500

Temperature/°C

Fig. 6 Relationship between surface heat transfer coefficient
and plate temperature

4 Calculation of aluminum thick plate
temperature

4.1 Calculation of surface heat transfer coefficient

The heat transfer on the surface includes forced
convection heat transfer in gas and radiant heat transfer
in the furnace. From Newton’s law of cooling and
Stefan—Boltzmann law, the heat transferred on the
surface (Q) can be expressed as

0=04+0: €)
Qw:th(Tf 7Tw) (] 0)
O=ECA[(Tr+273.15) (T +273.15)Y] (11)

where Qy, is the forced convection transferred heat; Q, is
the radiant heat; A, is the convection heat transfer
coefficient; ¢ is the emissivity of the plate; and Cj is
Stefan—Boltzmann constant 5.6695x10~* W/(m* K*).

To give a unified representation to the surface heat
transfer coefficient (%), the radiant heat transfer

coefficient (%,) can be expressed as

AR * S
" A (T -T,)

ECU(T; +273.15)* —(T, +273.15)*]

T, -T,

w

(12)

And the surface heat transfer coefficient can be
expressed as

h=h,+h, (13)

4.1.1 Convection heat transfer coefficient
The convection heat transfer coefficient can be
calculated with the characteristic number equation [15]:

h, = 0.664(vm/1)"* Pr'3 A/m =

12
0.664(77‘1/2Pr1/32)(lj (14)
m

where 4 is the gas heat conductivity coefficient; Pr is the
Prandtl number of gas; # is the air dynamic viscosity; v is
the air velocity in the furnace; m is the characteristic
length of plate.

In a specific furnace, v is the air velocity of the
heating circulator, and m is equal to the heating nozzle
space, and both of which are constant. So, the surface
heat transfer coefficient is determined by the value of
n "?Pr'”2, which changes with the temperature. With the
values of 7, Pr and A at different temperatures, the values
of # "Pr'®) are calculated and shown in Fig. 7.
Obviously, the variation of 5 "*Pr'?) is small, and the
average value is 5.82 W-s"*/(K-m?).

Therefore, Eq. (14) becomes

b2
hy, = 3.884(—) (15)
m

The air velocity (v) in the furnace in this study is
30 m/s, and the characteristic length (m) is 0.325 m, so
the forced convection heat transfer coefficient (k)
calculated with Eq. (15) is 37.5 W/(m*-K).
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Fig. 7 Values of 5 2Pr"*), at different temperatures
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4.1.2 Radiant heat transfer coefficient

The radiant heat transformation is determined by the
emissivity (&) of the plate, which is greatly influenced by
the plate temperature. The emissivity is very small when
the temperature is low, but it rises greatly with elevating
temperature. By using Egs. (9)—(11) and the measured
heating curves, the emissivity is calculated and shown in
Fig. 8. The relationship between the emissivity and the
plate temperature can be exactly fitted with exponential
function:

&=0.01+1.52x10 *exp(7/81.88) (16)
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Fig. 8 Variation of emissivity with plate temperature

4.1.3 Change rules of surface heat transfer coefficient
From Egs. (12), (13) and (15), the surface heat
transfer coefficient is given by

NG
h=3.884(—j +

m
ECOU(T; +273.15)* (T, +273.15)*]
T, -T,

w

12
3.884(1J +EC,[(T; +273.15)> +
m

(T, +273.15)* (T} +T,, +556.3) (17)

Equation (17) shows that the surface heat transfer
coefficient is related to both the gas temperature and the
plate temperature, and the calculation becomes complex.
However, due to the low temperature (almost below
530 °C) of aluminum heat treatment, Eq. (17) can be
simplified appropriately. Figure 8 indicates that the
emissivity is very small when the plate temperature is
below 300 °C, so the impact on the coefficient of
substituting 7y with 7T, is insignificant in Eq. (17).
Meanwhile, when the plate temperature is over 300 °C,
the temperature difference between 77 and T, is low, and
the Tt can also be substituted with T,,. Meanwhile, as the
aluminum thick plate temperature is uniform, 7, can be
substituted with 7.

Then, Eq. (17) becomes
b2
h:3.884[—j +4§CO(T+273.15)3 (18)
m

The surface heat transfer coefficient calculated from
Eq. (18) is compared with the actual data, as shown in
Fig. 9, which indicates that the calculating precision is
very high. The results also show that the surface heat
transfer coefficient is small and changes little when the
temperature is below 300 °C, and the value is about
37.5 W/(m*-K), which is equal to the convection heat
transfer coefficient. When the temperature is over 300 °C,
the coefficient increases greatly because of the radiation.
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Fig. 9 Comparison of calculated surface heat transfer

coefficient and actual data

4.2 Calculation of thick plate temperature

Since the surface heat transfer coefficient is given
by Eq. (18), the plate temperature can be calculated by
finite element method. Furthermore, as the temperature is
considered as uniform in aluminum thick plate, it can
also be calculated by lumped parameter method (LPM),
and only the gas temperature is needed to consider in the
calculation.

Assuming that the gas temperature rises linearly, the
calculation of plate temperature by LPM is discussed in
the following. If the initial temperature of the plate is 7y,
the relationship between the plate and the gas at any time
is given as

pch(il—fzhA(Tf—T) (19)

where V'is the volume of the plate.
The gas temperature is expressed as

T=Tyt+bt (20)
where b is the gas heating velocity.

By introducing the excess temperature of plate
6=T-Ty, Eq. (19) then becomes
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pepl 46 _

bt—0 21
h4 dt @l

The initial conditions are =0, #=0. Assuming that
the surface heat transfer coefficient has no change with
temperature, the analytic solution of Eq. (21) is given by

bpc, V pc, V

0=—2= —hAtl(pc, V)] +b| t ——L— 22
ol (pc, V)] [ i j (22)
Mathematically,
bpc,V
T=bt- A [1—exp(=hdt/(pc,V )]+ T, =
bpc,V
T: - i [1—-exp(=hAt/(pc,V))] (23)

where b, p, c,, V and 4 are all constant, and / is assumed
to be immutability.

As stated in Section 4.1.3, the surface heat transfer
coefficient is almost constant when the plate temperature
is below 300 °C, and the plate temperature can be
calculated directly in this condition. However, when the
plate temperature is over 300 °C, the average surface
heat transfer coefficient of different temperature ranges
has to be used to give an approximate calculation. So,
the equation is particularly suited to calculate the
temperature of stepped heating.

5 Forecasting and validation

As shown in Fig. 1, if the gas temperature is heated
directly to the treatment temperature, the plate
temperature is far below the gas temperature, and hard to
reach the target for a long time preservation. A feasible
way is to heat the gas to a much higher temperature. In
this method, high temperature difference between the gas
and plate is preserved in the whole heating process, so
the plate heating velocity is raised greatly.

To validate the method, a stepped solution treatment
is designed, which is linearly heated-up step-by-step, as
shown in Fig. 10. The heat treatment is divided into three
steps: firstly, the plate is heated to 300 °C and preserved
for 30 min; secondly, it is elevated to 400 °C and also
preserved for 30 min; thirdly, the temperature is raised to
480 °C. To realize the treatment, the gas temperature is
raised much higher than the heating temperature, and
then cooled to the anticipate holding temperature rapidly.
The key is the forecasting of the actual gas heating curve,
and the difficulty is to find the peak value of every step
shown in Fig. 10. Both the LPM and the finite element
method (FEM) were carried out to forecast the gas
heating curve. Then, according to the curve, the material
and devices stated in Section 2 are used to measure the
actual plate temperature.
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Fig. 10 Heating curves obtained by LPM and measurement

5.1 Lumped parameter method

The properties of 7050 thick plate shown in Fig. 2
are presented in Table 1. The gas heating velocities of the
three steps are described in Table 2. The average surface
heat transfer coefficients of the three steps are calculated
by Eq. (18) and shown in Table 2. With these parameters,
Eq. (23) was used directly for calculation. Then, the
validation experiment is carried out with calculated gas
temperature curve. The comparison is shown in Fig. 10.

Table 1 Properties of plate

Parameter Value
Length/mm 1300
Width/mm 1100
Height/mm 180
Density/(kg'm ) 2830
Specific heat capacity/( J-kg™* ~°C71) 852
Thermal conductivity/(W-m'-°C™") 157
Initial temperature/°C 25

Table 2 Gas heating velocity of three steps

Temperature Heating velocity/ Surface heat transfer

range/°C (°C-min™") coefficient/(W-m 2K
25-300 2.25 37.5
300-400 2 475
400-480 2.375 67

A correlation coefficient (7) is used to evaluate the
relationship between calculated result and the
experimental data, which is calculated by

. Z(TLPM _?LPM)(TM —7_“M)
\/z(TLPM —?LPM)ZZ(TM —iﬂM)2

(24)

where Tipy and Tiem are the temperature and the
average temperature calculated by LPM, respectively; Ty
and 7'wm are the measured temperature and the average,
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respectively. The calculated results fit with the
experimental data better, when r approaches 1. And r is
0.998 calculated by Eq. (24), which indicates that the
calculation result agrees well with the experimental data.

5.2 Finite element method

Using FEM to calculate the gas temperature curve is
very complex. The plate temperature is easy to get by
means of FEM from the gas temperature, but the inverse
operation is very difficult. A common try-and-error
method should be used to determine the gas temperature
peak. After many trials, the gas temperature curve can be
ascertained finally.

However, just for a comparison, the gas heating
curve computed by the LPM in Section 5.1 is used
directly for simulation. The simulation is carried out with
the FEM software Abaqus 6.10™. The properties used
are also shown in Table 1. The FEM domain is meshed
with C3D8T elements. The surface heat transfer
coefficient used is given by Eq. (18).

Then, the plate temperature is simulated, which also
fits the expected temperature well. The temperature field
contour at gas temperature of 448 °C shown in Fig. 11 is
extracted. At this point, as the temperature difference
between the gas and the plate is the largest, the
maximum temperature difference will exist in the plate.
As shown in Fig. 12, the simulated temperature is a little
higher than the measured one. However, the temperature
difference between the maximum and minimum is
only 2.1 °C, especially when the thickness distribution is
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Fig. 11 Heating curves obtained by FEM and measurement
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Fig. 12 Sectional contour of plate at the first temperature peak

almost the same, which verifies the uniformity of the
temperature again.

In Fig. 13, heating curves of the FEM and LPM
methods are in good agreement. At the temperature
below 300 °C, the two methods give almost the same
result, while there is a small difference when the
temperature is above 300 °C, for the approximation of
surface heat transfer coefficient in the LPM. However,
the two methods are certified to be accurate by the
results of experiment, and the LPM is quite simple and
more effective than FEM.
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Fig. 13 Heating curves obtained by FEM and LPM
6 Conclusions

1) The temperature of aluminum thick plate
(thickness below 180 mm) can be considered as uniform,
which is validated by experimental and calculated
results.

2) The relationship between the surface heat transfer
coefficient and forced convection heat transfer and
radiant heat transfer is discussed, and the calculated
method of surface heat transfer coefficient using the
transient plate temperature is given.

3) Based on the temperature uniformity of the plate,
a convenient LPM is given to calculate the plate
temperature, in which a stepped solution heat treatment
is designed.

4) The validation of the design is carried out by
FEM and experiment. Results show that the temperature
results calculated by LPM and simulated by FEM agree
well with the experimental data, and the LPM is
apparently more convenient in engineering application.
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