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Experimental and CFD investigations on cooling process of end-quench test
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Abstract: The microstructure of an alloy is affected intensively by the cooling process. To figure out the inherent relation between
the cooling rate and microstructure of an advanced nickel-based superalloy, experimental and numerical studies on the cooling
process were conducted. Specifically, the measurement was performed concerning both the temperature of the specimen during the
end-quench test and the size of the secondary y’ phase of the specimen after that. The heat transfer coefficient of the quenched surface
was determined by the inverse heat transfer method for simulation. The results show that the cooling rate of the quenched surface
exceeds 1574 K/min. Based on the averaged cooling rate obtained from the simulation and the measured size of the secondary y’
phase, an empirical correlation in a double logarithmic relationship between them is proposed. The relationship is verified by the

experiment with specified cooling rates.
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1 Introduction

The microstructure and mechanical performance of
a metal material are significantly affected by the heat
treatment, and the cooling rate is an important parameter
during heat treatment process. Many heat treatment
experiments have been performed to study the
performance of metal subjected to different cooling
rates [1-3], and the end-quench test was proposed in
order to greatly reduce the test time and cost [4,5]. In the
end-quench test, a cylindrical specimen is heated to the
austenitizing temperature [6] and then cooled by
projecting water against the quenched end of the
specimen in order to induce the formation of the
martensitic structure [7]. In this way, the cooling rate
progressively decreases along the length direction of the
specimen [8], and many samples with different
properties can be obtained from a single test. The
end-quench test changes the traditional “one sample, one
experiment” approach to parallel processing [9] and
provides a high-throughput method for studying heat
[10,11]. With this method,
experimental data from a single specimen can be

treatment abundant

obtained through the end-quench test, which meets the
target of the Materials Genome Initiative [12].

Generally, the cooling rates at different positions of
the specimen are fitted by linear interpolation based on
the temperature recorded by thermocouples at only 2—4
points on the specimen. However, the thermocouples
welded on the specimen may affect its heat transfer; thus,
as few thermocouples as possible are used in the
end-quench test, which makes it difficult to perform
temperature fitting on the specimen. Second, the axial
temperature of the specimen has a nonlinear distribution;
thus, the use of linear interpolation to fit the temperature
distribution of the specimen is inappropriate. In addition,
the initial temperature distribution of the specimen has
an important influence on the cooling process and is
typically assumed to be uniform in previous works,
which is not the correct assumption when induced
heating is applied. Computational fluid dynamics (CFD)
is therefore an effective method to obtain the overall
temperature data of a specimen.

The heat transfer coefficient (HTC) of the quenched
specimen is a key boundary condition that influences
the calculation accuracy of the CFD simulation of
the cooling process. The HTC is influenced by various
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factors, such as the specimen material, cooling
conditions, and surrounding environment. When water is
used as the cooling medium, the mechanism of heat
transfer is very complex since the phase change of
water mechanisms of heat transfer
(e.g., conduction, radiation, and convection) occur
simultaneously [13—15]. Thus, it is impossible to obtain
the HTC of the quenched end directly by measurement or
theoretical analysis. Instead, the inverse heat transfer
method (IHTM) must be employed to determine the
HTC [16—18]. This means that the HTC between the
quenched end of the specimen and the cooling water is
initially assumed, and the temperature in the specimen is
then simulated by CFD. The HTC is not determined until
the temperature difference between the simulated and
measured results of the cooling process in the quench test
meets the error allowance [19].

In this work, the end-quench test is conducted and
the cooling process is simulated for an advanced
polycrystalline nickel-based superalloy widely used in
aircraft engine turbine disc components [20—22]. The
relationship between its secondary y' phase and average
cooling rate is obtained via a cost-efficient method, and
then is helpful to optimize the heat treatment process of
advanced materials.

and various

2 End-quench test of nickel-based superalloy

2.1 End-quench test system

As shown in Fig. 1, the end-quench test system
consists of two parts, namely, induction heating and
end-quench cooling. The temperature of the specimen
was controlled by induction heating with a power that
was adjusted automatically by a programming controller.
Specifically, the heated up to a
temperature of 1423 K and then maintained at this

specimen was
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temperature for 40 min for the solution treatment. The
specimen was then cooled with the water jets at its
bottom. Two S-type thermocouples were welded to the
bottom of the specimen. The temperature measured by
the first thermocouple was used as the feedback signal of
the temperature controlled system during the heating
process, and the second one was used to monitor the
temperature during the heating and cooling processes.

In this way, the specimen with different cooling
rates was obtained. The resulting microstructures with
different cooling rates were then obtained using a
scanning electron microscope with a procedure similar to
that described in Refs. [23,24].

As illustrated in Fig. 2, the cylindrical end-quench
specimen was 100 mm in length and 18 mm in diameter
and was made of an advanced polycrystalline
nickel-based superalloy. To prevent heat loss, the
specimen was coated with ceramic fiber cotton. The
cross-sectional microstructures of the specimen, 10, 25,
45, 65 and 95 mm away from the quenched end were
recorded to study the effect of the cooling rate.

2.2 Measured temperature curve

As shown in Fig. 3, during the cooling process of
the end-quench test, the quenched end of the specimen
was cooled down to the ambient temperature in 2 s. The
cooling curve measured by the monitor thermocouple at
the quenched end provided important data for calculating
the HTC.

3 Numerical simulation of gradient cooling
process

3.1 Model description
All physical properties of the material are
considered to be isotropic. The effect of the phase change
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Fig. 1 End-quench test system
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Fig. 2 Schematic diagram of test specimen (Unit: mm)
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Fig. 3 Cooling curve at quenched end of specimen

of the low-content alloying components on the
temperature is assumed to be negligible. The heat
conduction in the end-quench process is assumed to be
two-dimensional, and can be described in cylindrical
coordinates as

pcal:li[lra—Tj+i(ﬂa—Tj (1)
ot ror or) dz\' oz

where 7 and ¢ represent the temperature and time,
respectively, » and z are the radial and axial coordinates,
respectively, p is the density, 4 denotes the thermal
conductivity, and ¢ denotes the specific heat capacity.
The density of the nickel-based superalloy is 8256 kg/m’,
as measured by drainage tests. The thermal conductivity
and specific heat capacity, which depend on the
temperature, are determined by using the Jmatpro
software package and experimental results from
Ref. [25]. The values at different temperatures are
illustrated in Fig. 4.

Regarding the simulation, the initial temperature of
the specimen is set to be 1423 K to match the
experimental value at the end of the induction heating
process [26]. During the calculation, the heat transfer
coefficients of the top and side surfaces of the specimen
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Fig. 4 Temperature-dependent thermal-physical properties of
nickel-based superalloy: (a) Thermal conductivity; (b) Specific
heat capacity

are treated as constant values of 5 and 10 W/(m*K),
respectively. On the other hand, the HTC of the
quenched end is determined via the IHTM.

3.2 Calculation of HTC at quenched end via IHTM

The transient HTC, A, of the quenched end of the
specimen is calculated by the IHTM. The calculation
procedure is shown in Fig. 5, where T, is the measured
temperature in the end-quench test, and T, is the
simulated temperature at the same position. % is not
determined until the temperature difference at the
quenched end between the simulated and measured
results is within the error allowance.

The HTC curve is shown in Fig. 6. The HTC
increases rapidly at first and then decreases, which is
consistent with the theoretical analysis. Initially, the
water quickly vaporizes when it contacts with the
quenched end because of the high surface temperature,
and then forms a layer of steam between the water and
the quenched end, which is known as the film boiling
stage. The thermal resistance of the steam film is so large
that the HTC is small in this stage. Over time, the
surface temperature decreases and the bubbles gradually
leave the surface instead of coalescing such that the HTC
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increases continuously, which is known as the transition
boiling stage. Next, the vaporization cores increase and
secondary nucleation occurs, while the air bubbles are
subject to strong turbulence, so the HTC increases
sharply and reaches the peak, known as the nuclear
boiling stage. Finally, the HTC decreases when the
temperature of the quenched end is sufficiently low,
which is known as the forced-convection heat transfer
stage. HTC reaches a peak value of 120000 W/(m*K) at
1.8 s and eventually approaches a stable value of
41000 W/(m*K) at the end of the quenching process.

3.3 Simulation results
3.3.1 Temperature distribution

The simulated cooling curve is shown in Fig. 7. It is
revealed that the cooling rate at the quenched end is
much greater than that at the other end. Sample 1, which
is near the quenched end, cools quickly to 700 K in 2 s.

Meanwhile, Sample 5, which is far away from the
quenched end, cools more slowly than Sample 1 and
takes 1218 s to reach 700 K. The maximum temperature
difference between Sample 5 and Sample 1 is 930 K,
which occurs at 179 s.
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Fig. 7 Simulated profiles of temperature vs time for samples

3.3.2 Average cooling rate

The microstructure of the nickel-based superalloy
depends on the secondary y’ phase precipitation, and the
temperature range in which the precipitation occurs is
defined as the sensitive temperature range [27].
Therefore, the average cooling rate is calculated:

o AT _(h,-T)

2
C A At )

where T}, and T are the starting and final temperatures of
the secondary y’ phase precipitation, respectively. AT is
the temperature difference between 7, and Ty, and At is
the duration of the precipitation process.

The simulated average cooling rate along the length
of the specimen is shown in Fig. 8. Obviously, it
decreases abruptly with increasing distance from the
quenched end. The average cooling rates of samples 1, 2,
3, 4 and 5 (shown in Fig. 2) are 1574, 279, 99, 61 and
51 K/min, respectively.
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Fig. 8 Average cooling rate along length direction of specimen
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3.3.3 Relationship between cooling rate and size of

secondary ' phase

To establish the inherent relation between the
average cooling rate and the size of the secondary y’
phase, five cross-sectional samples, whose locations are
shown in Fig. 2, were cut from the end-quenched
specimen. The size of the secondary y’ phase was
measured using a field emission scanning electron
microscope (FEI Quanta 650 FEG). The corresponding
data for the samples are presented in Table 1.

Table 1 Measured sizes of secondary y’ phase and simulated
average cooling rates of samples

Distance from Measured size of Simulated average
Sample

No. quenched secondary y’ cooling
end/mm phase/nm rate/(K-min ')
1 10 27.8 1574
2 25 66.6 279
3 45 98.9 99
4 65 122.2 61
5 95 161.4 51

The relationship between the size of the secondary
y' phase and the cooling rate can be described by a
double logarithmic function [28—30]. Therefore, the data
in Table 1 are drawn and fitted in Fig. 9.
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Fig. 9 Relationship between size of secondary y’ phase and

cooling rate

The fitting curve is described by
lgl=2.94-0.481gR, 3)

where / is the size of the secondary y’ phase (nm), and
Ec is the average cooling rate (K/min). This empirical
correlation can be used to design the heat treatment

technique based on the grain size.

4 Model verification

The temperature measured by the thermocouple in
the end-quench test was applied to calculating the HTC
between the specimen and the cooling water and thus
cannot be used to directly verify the model for simulating
the end-quench process. Therefore, the dilatometry test is
used to indirectly verify the simulation model.

A DIL8S05A dilatometer was used, and the sample
was made of the same material in the end-quench test. A
rod sample of 10 mm in length and 4 mm in diameter
was heated to the solid-solution temperature of 1423 K
and then cooled at constant cooling rates of 20, 70 and
120 K/min. The grain sizes of the samples with three
different cooling rates were obtained using a field
emission scanning electron microscope. The grain sizes
at these three cooling rates were predicted using Eq. (3),
and the results are given in Table 2.

Table 2 Measured and predicted grain size
Predicted

Measured grain size Cooling

Sample from dilatometry rate/  grain size by Relative
test/nm (K'min™") Eq. (3)/nm error/%

1 83.7 120 95.9 14.6

2 104.7 70 124.3 19.8

3 193.1 20 226.7 17.4

By comparing the predicted grain size with the
measured grain size, the cooling rate has a similar
influence on the grain size with a relative error of less
than 20%. The main reason for the error is that the
cooling rate in the end-quench test varies in a nonlinear
type, while in the dilatometry test it is a constant.

5 Conclusions

(1) An end-quench test system with automatically
controlled induction heating was established to treat a
specimen made of an advanced nickel-based superalloy.
An unsteady two-dimensional model was developed to
study the temperature distribution of the specimen in the
gradient cooling process.

(2) The HTC of the quenched end was determined
via the IHTM. The HTC increases sharply at first and
then decreases when water is used as the cooling medium.
The maximum value of the HTC in the quenching
process is 120000 W/(m*K) at 1.8 s.

(3) The cooling curve along the length of the
specimen was numerically simulated. The cooling rate at
the quenched end exceeds 1574 K/min, which is much
greater than that of 51 K/min observed at the opposite
end, which is physically farther away.
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(4) A double logarithmic relationship between the
size of the secondary y’ phase and the average cooling
rate was established through an efficient high-throughput
method. This correlation is verified by the experiment
with specified cooling rates. This empirical correlation
can contribute to the databases of the Materials Genome
Initiative.
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