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The measurement and control of the heat transfer of sheet alloys in successive non-isothermal forming cycles is
crucial to achieve the desired post-form properties and microstructure, which could not as of yet be realized by
using traditional test facilities. In the present research, a novel heat transfer measurement facility was designed
to generate and subsequently measure the in-situ heat transfer from a sheet alloy to multi-mediums such as
forming tools, air, lubricant and coating. More importantly, the facility was able to use a single sheet alloy
sample to perform successive non-isothermal forming cycles, and subsequently obtain high throughput experi-
mental results including the temperature evolution, cooling rate, mechanical properties and microstructures of
the alloy. The high throughput in-situ heat transfer measurement facility identified that the cooling rate of
AA7075 was 152 °C/s and the mechanical strength was over 530 MPa in the 1st forming cycle. However, it
decreased to less than the critical value of 100 °C/s in the successive 10th forming cycle, leading to a low
mechanical strength of only 487 MPa. The identified variations that occur in the successive non-isothermal
forming cycles would improve the consistency and accuracy of part performance in large-scale manufacturing.

1. Introduction

Non-isothermal forming technologies have enabled the manufacture
of complex thin-walled components from sheet metals and alloys, which
are first heated to elevated temperatures to increase the formability and
then transferred to cold forming tools to conduct forming and quenching
simultaneously [1-3], as shown in Fig. la. Fast light Alloys Stamping
Technology (FAST) is such a novel non-isothermal sheet metal forming
process, which applies a rapid heating rate to heat an aluminum alloy
blank sheet to an elevated temperature that is lower than the solution
heat treatment temperature (SHT), followed by forming and quenching
[2]. During non-isothermal forming, the microstructure and mechanical
properties of the sheet alloys vary significantly due to the plastic
deformation and simultaneous rapid quenching by the cold forming
tools. For example, the p phase transforms into the a/a'phase and the
austenite transforms into martensite in the hot stamping of titanium
alloys [4] and high-strength steels [5] respectively, and determines the
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mechanical properties of the formed components. Additionally, the
precipitation of primary and secondary phases of aluminum alloys de-
pends on the quenching rate, and thus determines whether the me-
chanical properties could be fully recovered after artificial ageing [6]. It
is therefore of great importance to study the heat transfer and temper-
ature fields of the sheet alloys under such non-isothermal forming
conditions [7].

The heat transfer between sheet alloys and forming tools has been
ideally treated such that the contact surfaces are considered as smooth
with a minor thermal resistance. In this case, the heat conduction within
the sheet alloys and forming tools calculated by their thermal conduc-
tivities dominates the heat transfer path [8]. However, the real contact
area is much lower than the apparent contact area due to the roughness
of the surface, and it increases with increasing plastic deformation
[9,10]. In addition, lubricants and surface coatings are widely used as
mediums between the sheet alloys and forming tools in non-isothermal
forming [11]. This indicates that the heat actually transfers from the
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Fig. 1. Schematic diagrams of (a) a non-isothermal sheet alloy forming process; (b) heat transfer from a hot sheet alloy to cold tools across ideal and rough interfaces.
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Fig. 2. The design principles of (a) traditional heat transfer measurement and (b) high throughput in-situ heat transfer measurement.

sheet alloys to multi-mediums, i.e. forming tools, air, lubricant and
coating, as shown in Fig. 1b. Moreover, considering the scale of indus-
trial mass manufacturing of sheet alloy products, the interfacial condi-
tions such as tool temperature, lubricant film and coating surface would
gradually vary in successive forming cycles, consequently affecting the
heat transfer of the sheet alloys as well as their plastic deformation, post-
form properties and microstructures [12]. Therefore, an in-situ mea-
surement of the heat transfer of sheet alloys in successive non-
isothermal forming cycles is critically required to precisely control the
temperature fields, post-form properties and material microstructures to
improve the consistency and accuracy of part performance in large-scale
manufacturing batches [13].

Significant efforts have been made to design test facilities and
methods to measure the heat transfer and temperature evolutions of
sheet alloys in non-isothermal forming processes. The principle of the
measurement is as follows: a sheet alloy sample is first heated in a
furnace up to the target temperature, which is monitored by a pair of
thermocouples; it is then manually transferred to a position in between
an upper and a lower flat tool that are equipped on a hydraulic press
machine; the upper tool is activated to move downwards to compress

and simultaneously quench the hot sample to room temperature; the
temperature evolution of the sheet alloy sample through heating,
transfer, loading, quenching until unloading is measured, as shown in
Fig. 2a. It is shown that the contact pressure [14], surface roughness
[15], tool temperature [16], tool material [17], lubricant [18] and
coating [7] are key influential factors in determining the heat transfer
and temperature evolutions. Specifically, the quenching rate of the sheet
alloys increases with increasing contact pressure but decreases with
increasing surface roughness, due to the real contact area between the
sheet alloys and forming tool being increased with increasing contact
pressure but decreased with increasing surface roughness [10]. The tool
temperature increases with increasing forming cycles, thus reducing the
quenching rate of the sheet alloys [19]. When a die material, lubricant
and coating with a larger thermal diffusivity is applied, the heat transfer
of the sheet alloys is enhanced and thus their temperature reduces at a
greater rate [20].

However, the previous test facilities are not able to measure the in-
situ heat transfer of sheet alloys through heating, transfer, loading,
quenching until unloading. Moreover, the measurement of heat transfer
terminates after unloading and could not be launched again in a short
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Fig. 3. The high throughput in-situ heat transfer measurement facility for
successive non-isothermal forming cycles equipped with (a) flat dies before
activation and (b) a pair of M-shaped dies after full compression.

time, thus neglecting the variations in temperature, cooling rate, ma-
terial properties and microstructures that occur in successive non-
isothermal forming cycles. In order to capture those variations, a large
number of sheet alloy samples have to be heated in a furnace simulta-
neously, and a new sample is manually transferred into the position to
activate a new cycle after quenching the previous sample. This limita-
tion decreases the control accuracy of the heat transfer and temperature
evolutions of the thermal-sensitive materials such as high-strength
aluminum alloys [21], dual-phase titanium alloys [22] and magne-
sium alloys [23], and further degrades the consistency of the material
properties and microstructures.

In the present research, a high throughput in-situ heat transfer
measurement facility was developed to automatically perform succes-
sive non-isothermal forming cycles by using a single alloy blank and
then obtain the in-situ temperature evolution of the alloy, the results of
which were used to study the cooling rate, post-form mechanical prop-
erties and microstructure. Subsequently, successive fast light alloy
stamping (FAST) cycles of 7075 aluminum alloy were conducted by
using the developed measurement facility, identifying the variations in
heat transfer, cooling rate and mechanical strength of the material in
different forming cycles. Moreover, the microstructure of AA7075 was
observed to investigate the transformation and growth of the pre-
cipitates by using transmission electron microscopy (TEM/HRTEM),
thus revealing the mechanism of the identified variations during the
successive FAST cycles.

2. Design of a high throughput in-situ heat transfer
measurement facility

The design of a high throughput in-situ heat transfer measurement
facility followed four principles: 1) generation of heat transfer from a
sheet alloy to multi-mediums including tools, air, lubricant and coating
under different conditions; 2) in-situ measurement of heat transfer of the

79

Journal of Manufacturing Processes 129 (2024) 77-91

sheet alloy during the entire processes; 3) automatic activation of the
next cycle immediately once the last cycle terminated to perform suc-
cessive forming cycles by using a single sheet alloy sample, thus
obtaining high throughput experimental results; 4) precise control of
processing parameters, such as heating rate, heating temperature,
transfer time, contact load/pressure, and quenching time.

The high throughput in-situ heat transfer measurement facility could
be assembled with a Gleeble 3800 thermal-mechanical machine, which
allowed precise feed-back control of a compression load of up to 20 tons,
a heating rate of up to 10,000 °C/s and a forming speed of up to 2000
mm/s. In the heat transfer measurement facility, an alloy specimen was
designed to be positioned in between a left and right forming tool and
then heated by using electric-resistance heating. The hydraulic system of
the Gleeble actuated the forming tools to compress and simultaneously
quench the heated specimen. After unloading, the heat transfer mea-
surement facility was able to automatically reset whilst activating the
next cycle of heating without changing the alloy specimen, thus
obtaining the high throughput results in a single set of testing. Pairs of
thermocouples were embedded on the alloy specimen statically to
measure the in-situ heat transfer and temperature evolutions during the
entire process. The design principles of the high throughput in-situ heat
transfer measurement facility are shown in Fig. 2b.

The design rendering of the high throughput in-situ heat transfer
measurement facility is shown in Fig. 3. Specifically, Parts 1 were steel
basements to connect the facility to the press machine, and their trap-
ezoid geometry was designed to enable seamless assembly with the
Gleeble 3800, allowing the hydraulic actuation of the right basement
with the left one being static. The geometry of Parts 1 could be adjusted
to allow the heat transfer measurement facility to be assembled with
other thermal-mechanical machines in addition to Gleeble. Parts 2 were
steel frames bolted onto Parts 1 to support the entire sliding system of
the measurement facility, and were designed as symmetrical parts to
ensure an even distribution of the weight as well as a stable sliding along
the horizontal plane. Parts 3 were die holders to connect Parts 4 dies and
Parts 2 frames, allowing for easy replacement of the dies, of which the
contact surfaces could be either flat with the desired surface roughness,
lubricated, or coated to compress the sheet alloys and subsequently
study their heat transfer across multi-mediums. Alternatively, the
desired shapes of the dies could be manufactured to form the sheet alloys
to subsequently study their plastic deformation and post-form proper-
ties. For example, a pair of M-shaped dies were designed in the present
research and demonstrated in Fig. 2b. In addition, cooling channels
could be designed in the die holders.

Parts 5 were symmetrical blank holders that clamped Part 6 an alloy
specimen with Parts 7 cable holders to ensure the specimen contacted
the center of the dies. The geometry of the specimen that depended
highly on the test requirements, could be either a rectangular shape for
heat transfer tests only without deformation or a dog-bone shape with
notches for complex forming tests to increase stability. Electrical cables
were screwed onto the cable holders to enable the resistance heating of
the specimen, the center of which the in-situ temperature was measured
by pairs of thermocouples at a sampling frequency of 1000 Hz.

Both Parts 8 insulating blocks connecting frames and Part 9 an
insulating support were made from an insulating material to prevent a
short circuit, connecting the two blank holders through Parts 10 guide
pillars. In addition, the insulating support was able to reduce the stress
concentration on the four guide pillars, which crossed the blank holders
and frames to provide a high stiffness for forming high-strength mate-
rials such as titanium alloys and boron steels. Parts 11 were springs
mounted on the guide pillars. When compressed by the right frame, the
right springs were activated to push the blank holders and specimen
towards the die until it was fully closed. Afterwards, the right basement
was returned, and the left springs pushed the blank holders and spec-
imen back to their initial positions. Subsequently, the next forming cycle
would be activated, thus realizing the multicycle work automatically by
using a single specimen. High throughput experimental results,
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Fig. 6. The topology optimized high throughput in-situ heat transfer mea-
surement facility and its boundary conditions for FEA.

especially the variations in the heat transfer, material properties and
microstructures, could therefore be obtained by performing a single set
of testing.

After assembly, the work procedure of the developed high
throughput in-situ heat transfer measurement facility for successive non-
isothermal forming cycles was as follows. A sheet alloy specimen (Part
6) was first clamped between the blank holders (Part 5) and cable
holders (Part 7), and then heated up to the target temperature at the
desired heating rate. Subsequently, the hydraulic actuation of the
Gleeble pushed the right basement (Part 1) joint with the right frame
(Part 2), the right insulating blocks (Part 8), the right die holder (Part 3)
and the right die (Part 4) along the guide pillars (Part 10) at the defined
moving speed. Once compressed between the blank holders and right
insulating blocks, the right gas springs (Part 11) pushed the blank
holders (Part 5), specimen (Part 6), cable holders (Part 7) and insulating
support (Part 9) towards the left die. After the specimen was fully
compressed by the dies at the defined closing force and time, the right
basement was retracted by the hydraulic actuation and the left gas
springs pushed the blank holders back to their initial positions, followed
by the activation of a new cycle. Therefore, the developed high
throughput in-situ heat transfer measurement facility enabled heating,
transfer, loading, quenching and unloading of sheet alloys, and more
importantly the automatic activation of the next cycle of heating once
unloading finished, thus realizing the successive non-isothermal forming
cycles by using a single alloy specimen. The in-situ heat transfer from
sheet alloys to multi-mediums including forming tools, air, lubricant and
coating could be measured during the entire processes, which could not
be performed by using the traditional test facilities.

3. Topology optimization of the high throughput in-situ heat
transfer measurement facility

Due to the accommodation limit of the Gleeble chamber, the center
of gravity of the high throughput in-situ heat transfer measurement fa-
cility was tilted outwards, thus generating a torque. Consequently, a
slight deformation of the guide pillars would occur after a period of
working, decreasing the testing accuracy and repeatability. Therefore, a
topology optimization was applied to reduce the facility weight whilst
maintain its stiffness to ensure a long-term service at high working
performance.

3.1. Topology optimizing algorithm and scheme

The optimization work was carried out in the OptiStruct module of
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Altair HyperWorks. Concerning the general optimization constraint, the
formulation could be illustrated as Eq. (1):

minf (x) = (X1,X2, ..., Xn)

subject to : gi(x) <0 j=1,...m 1)

XM < x < ™% j=1,..n

As the designed domain was discretized with a specific number of
elements, x, was defined to represent the objective function as f(x) with
the amount of n designed variables. The optimization constraint g(x)
was considered as satisfied if g(x) < 0, while it was violated if gj(x) > 0.

The OptiStruct module and solid isotropic material with penalization
method (SIMP) were then applied to conduct the topology optimization
to reduce the volume and mass of the heat transfer measurement facility
without degrading the working performance. According to the SIMP
method, each element had a designed variable x,, which could be
described as the ‘pseudo (relative) density’ from O to 1, indicating that
the state of the element varied from void to solid. Therefore, the stiffness
matrix ko was penalized as Eq. (2):

k(xe) = (x.)"ko 2

Due to a high stiffness of the developed heat transfer measurement
facility being necessary to ensure the contact and processing accuracy of
the interface under static and loading conditions, the optimization
problem had to be constrained to a given volume fraction that was
dependent on the ideal weight loss ratio. Therefore, the ordinary prob-
lem that maximized the stiffness while minimized the compliance of the
developed heat transfer measurement facility, was written as Eq. (3):

N
min : ¢(x) = U'KU = Z (x.) 1, "kou,
* e=1

3
(%)

subjectto:vv—:f KU=F 0 <Xpun<x<1
0

where U and F were the global displacement and force vectors respec-
tively to calculate the compliance and strain energy of the developed
facility, K was the global stiffness matrix, and c(x) was the compliance of
the structure to evaluate the structural stiffness. After the designed
domain was discretized, u, and k, were applied to represent the
displacement vector and stiffness matrix of the meshed elements
respectively. x was introduced as the density vector, and thus the density
of each element had to be larger than Xy, to avoid the stiffness singu-
larity. In addition, v(x) was the current material volume, v, was the
volume of the initial designed domain, and f was the prescribed volume
fraction.

The designed variables x, were defined by the properties of the
created elements , which were iterated according to the sensitivities of
the elements, as shown in Eq. (4). The iterations were automatically
performed by the OptiStruct module.

ai;e = 7p(xe)p71ueTkoue (4)

The stiffness matrix was interpolated with the density of the elements
in an exponential form according to the SIMP method, of which the
penalization power p strongly affected the discretization of the density.
Specifically, a large value of p could reduce the number of intermediate
density elements (‘grey elements’), resulting in a void-solid (‘black and
white’) material distribution within the solution. However, the stiffness
singularity might occur if p was excessive. The function of the parameter
‘DISCRETE’ in OptiStruct was similar to that of the parameter p, which
influenced the tendency that converged to a void-solid material distri-
bution structure in each iteration.

To prevent checkerboard patterns of the SIMP method, a filter for the
sensitivities was introduced, and thus the element sensitivities were
modified in each iteration as Egs. (5)-(6):
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Fig. 7. The global displacement distributions of the high throughput in-situ heat transfer measurement facility (Unit: m) under different loading conditions.
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a— =N & fofa— (5)
Xe erf:] Hf =1 Xe

{ Hf = I'min — dist(e, f) 6)
{f € Nidist(e.f) < Faun }, € = 1,...,N

where the weight factor IAJf decreased linearly with the variable dist(e, f),
which was the distance between the centers of the e and f™ elements.
The mechanism of the filter redistributed the sensitivity of each element,
avoiding the connection between the rigid nodes. The value of
‘CHECKER’ (0 or 1) controlled the on-off of the global checkerboard,
which would result in a layer of intermediate density elements

remaining at the transition state from solid to void. Therefore, the ex-
istence of the checkerboard patterns within the optimized structure
determined whether the checkerboard control mechanism was activated
or not.

3.2. Topology optimization results and finite element analysis

In order to retain the integrated design, it was necessary to eliminate
the dispensable geometrical features, for example a chamfer or fillet,
and then rebuild the designed region in SolidWorks software. Subse-
quently, the rebuilt model was imported into OptiStruct to discretize the
domain and perform the optimization iteration.

The steel frames (Part 2), blank holders (Part 5) and insulating blocks
(Part 8) sharing the largest weight (52.2 %) and volume (61.6 %) of the
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Fig. 8. The assembly of the high throughput in-situ heat transfer measurement
facility with a Gleeble 3800 thermal-mechanical machine chamber in (a) front
view and (b) back view.

heat transfer measurement facility in total, were the optimization targets
of this work. The material property of each part was first defined, i.e.
stainless steel for the frame (Part 2) and blank holders (Part 5), and
acetal for the insulating blocks (Part 8). The steel frames (Part 2) and
blank holders (Part 5) were then meshed with tetrahedral elements to fit
the surfaces of curvature, and the insulating blocks (Part 8) were meshed
with quadrilateral elements due to the regularity of the designed
domain. The mesh size was set as 1 mm to balance the boundary
smoothing level and iteration speed. After setting the mesh size and
mesh type, each element within the designed domain was assigned with
a designed variable (relative density). Therefore, the number of vari-
ables would be the same as the number of elements, i.e. Part 2 steel
frames: 985985, Part 5 blank holders: 273419, and Part 8 insulating
blocks: 110740. The boundary conditions were subsequently defined.
For the blank holders (Part 5), the rigid nodes were created and tied with
the nodes on the mating surfaces. All the rigid nodes were fully con-
strained and unit-pressures were applied to each lower half of the two
loading holes. For the steel frames (Part 2) and insulating blocks (Part

Table 1

The chemical compositions of the supplied AA7075 in weight proportion (wt%).

Journal of Manufacturing Processes 129 (2024) 77-91

8), the bottoms of both parts were fully restrained and unit-pressures
were applied to the lower half of the mating surfaces inside the part.

Two structural responses were set as the compliance value and vol-
ume percentage of the overall structure respectively. According to Eq. 3,
the objective function was defined as ‘minimal compliance response’,
and the upper bound of volume fraction response was defined as 0.6,
which was conducted as the optimization constraint. To eliminate the
‘intermediate density elements’ sufficiently, the optimization parameter
‘DISCRETE’ was set as 3 that was the recommended bound for 3-D solid
element, and ‘CHECKER’ was set as O due to no checkerboard pattern
being observed. Consequently, the optimal relative element density plot
was achieved after iterations (10 steps for Part 2 steel frames, 7 steps for
Part 5 blank holders and 8 steps for Part 8 insulating blocks). Taking the
blank holders (Part 5) as an example, its boundary condition and
optimal relative element density is shown in Fig. 4. Subsequently, the
optimal solution was reconstructed in SolidWorks software to amend the
material removal, ensuring that the functional and process-assembly
requirements were met. As a result, the optimal structure references
and final geometries of the steel frames (Part 2), blank holders (Part 5)
and insulating blocks (Part 8) are shown as Fig. 5, suggesting the weight
reduction of 17.7 %, 22.3 % and 22.9 % respectively. Moreover, the
weight of the entire heat transfer measurement facility was reduced by
11.8 % from 8.68 to 7.66 kg.

In order to examine the stiffness and working performance after to-
pology optimization, the optimized heat transfer measurement facility
assembly was imported into ANSYS software to conduct finite element
analysis (FEA), the contact regions were automatically detected after
import to prevent the parts from penetrating each other. The assembled
heat transfer measurement facility was meshed with tetrahedral ele-
ments due to their good geometric adaptability. To realize the precise
fitting of the elements to the geometry whilst enhancing the computa-
tional speed, the size function was defined as ‘adaptive’, the transition
speed was defined as ‘slow’, and the quality of smoothing was defined as
‘medium’, resulting in more than 1.2 million elements within the overall
structure. Two loading states were subsequently FE analyzed. Specif-
ically, for the non-loading state, the steel basements (Part 1) were
constrained, and only the gravity of the measurement facility was
considered, as shown in Fig. 6. For the loading state, a pair of die (Part 4)
were closed and compressed the alloy specimen (Part 6) at a defined
load of 5 MPa, and a pressure was then applied on the contacting sur-
faces of the dies.

The global displacement distributions of the high throughput in-situ
heat transfer measurement facility were simulated to evaluate the
stiffness under both the non-loading and loading states. It was shown
that the maximum displacement was significantly reduced by 62 % from
1.76 to 0.67 pm under the non-loading state after topology optimization
due to the evident weight loss, as shown in Fig. 7 (a and b). In contrast,
the displacement slightly increased by 6 % from 19.1 to 20.2 pm under
the loading state when using the dies with flat surfaces after topology
optimization, as shown in Fig. 7 (c and d). The displacement increased
by 12 % from 69.5 to 77.7 pm when using the M-shaped dies, as shown

Table 2
The processing parameters of a FAST cycle.

Composition Si Fe Cu Mn

Weight % 0.4 0.5 1.5 0.3

Parameter  Forming Heating Contact Quenching Cycle No.
temp. rate pressure period time of
cycle
Value 450 °C 50 °C/s 5 MPa Ss 15s 12
Mg Cr Zn Ti Al
2.5 0.22 5.6 0.2 88.78
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Fig. 9. (a) Temperature evolution and (b) cooling rate of AA7075 in the 12 successive FAST cycles.

in Fig. 7 (e and f). This indicated that the 11.8 % reduction of the weight
had a negligible effect on the stiffness and working performance.
Moreover, the displacement (shown in red) at the clamped end was
significantly reduced under the loading state after topology optimiza-
tion, proving that the stability of the positioning was greatly improved,
as shown in Fig. 7 (c and d). A similar trend was also observed when the
M-shaped dies were used, as shown in Fig. 7 (e and f). The topology
optimization was applied to reduce the weight of the heat transfer
measurement facility as much as possible while maintaining its perfor-
mance. Therefore, an 11 % weight reduction was significant that
ensured a high working performance at a long-term service life. There-
fore, the applied topology optimization method and results were reliable
to the developed high throughput in-situ heat transfer measurement
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facility for the successive non-isothermal forming processes.

4. Experimental procedures of the high throughput in-situ
measurement of heat transfer in successive non-isothermal
forming cycles

The developed high throughput in-situ heat transfer measurement
facility was manufactured and assembled with a Gleeble 3800 thermal-
mechanical machine shown in Fig. 8 to conduct 12 successive FAST
cycles of 2 mm thick pre-tempered AA7075, of which the chemical
compositions provided by Novelis Ltd. are shown in Table 1. Specif-
ically, an AA7075 specimen was first heated to 450 °C at a heating rate
of 50 °C/s and then flat steel tools at room temperature moved towards
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Fig. 11. (a) TEM micrograph and size distribution of the as-received AA7075; (b) HRTEM micrographs and FFT patterns of GPII zone and n’ phase.

the hot specimen at a speed of 100 mm/s, followed by the compression
at a pressure of 5 MPa for 5 s. Once the flat tools were retracted, a new
cycle was activated immediately without changing the specimen,
resulting in a cycle time of approximately 15 s. The processing param-
eters are shown in Table 2. In addition to 12 successive FAST cycles, 6
and 9 successive cycles were also conducted by using different AA7075
samples to study the variations in heat transfer, cooling rate, mechanical
strength and microstructure during different forming cycles.

The in-situ heat transfer and temperature evolution of AA7075 was
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measured by pairs of thermocouples statically during the successive
FAST cycles, the results of which could be used to study the quenching
behavior and cooling rate of the material. Subsequently, uniaxial tensile
tests were conducted to measure the mechanical strength (ultimate
tensile strength UTS) of AA7075 at room temperature and a strain rate of
0.001 s~ (equivalent to 3.6 mm/min) by using a universal testing ma-
chine. In addition, the hardness of AA7075 was measured at a load of
9.8 N (equivalent to HV1) by using a digital micro Vickers hardness
tester. The microstructure of the material was observed by using a Talos
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Fig. 12. TEM micrographs with the size distributions of the precipitates of specimen A (a) after 6 FAST cycles, and (b) after artificial ageing+PBCs; specimen B (c)

after 9 FAST cycles, and (d) after artificial ageing+PBCs.

F200i transmission electron microscopy (TEM) and a Jeol JSM-F200
high resolution transmission electron microscopy (HRTEM), of which
the sample was first electropolished at a temperature of 273 K and a
working voltage of 30 V was applied in an electrolyte mixture of 10 %
perchloric acid and 90 % ethanol. A Gatan 691 Precision Ion Polishing
system was then used to thin the sample to 30 pm at an accelerating
voltage between 1.5 and 4 keV, and a sputtering angle between 5° and
10°.

5. Results and discussion

5.1. Heat transfer and quenching behavior of AA7075 in the successive
FAST cycles

The heat transfer and temperature evolutions of the central AA7075
specimen and steel tools during the 12 successive forming cycles were

obtained, as shown in Fig. 9. In addition to those in the first cycle where
the heating rate was reduced to 10 °C/s after 420 °C to avoid over-
shooting, the forming temperature was precisely controlled at 450 °C +
5 °C and the heating rate was 50 °C/s &+ 2 °C/s in the other 11 cycles,
proving a good repeatability and stability of the high throughput in-situ
heat transfer measurement facility. However, the temperature evolution
of the tools and cooling rate of AA7075 varied in different cycles. Spe-
cifically, the peak temperature of the tools increased from 49 °C in the
1st cycle to 72 °C in the 10th cycle and was maintained in the last two
cycles. In order to study the effect of tool temperature on the quenching
behavior of AA7075, the average cooling rates in the 12 successive FAST
cycles were calculated at the range between 450 °C and 120 °C, of which
the lower temperature had negligible influence on the precipitation
[24].

The cooling rate of AA7075 decreased from 152 °C/s in the first cycle
to 107 °C/s in the 9th cycle and became less than the critical value of
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Fig. 13. TEM micrographs with the size distributions of the precipitates of specimen C (a) after 12 FAST cycles and (b) after artificial ageing+PBCs; HRTEM
micrograph and FFT pattern of (c) n° and (d) n phases of specimen C after artificial ageing+PBCs.

100 °C/s since the 10th cycle, indicating that coarse particles precipi-
tated in the aluminum grains and primary precipitates would not be
distributed homogenously, thus reducing the mechanical strength
[25,26]. Therefore, the increasing tool temperature decreased the
thermal gradient and thus the cooling rate of AA7075, resulting in a
reduction on the post-form properties. Consequently, coolants/lubri-
cants had to be replenished to enhance the heat transfer between
AA7075 and steel tools after 9 forming cycles [27].
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5.2. Mechanical strength and microstructure of AA7075 in the successive
FAST cycles

In addition to the AA7075 specimen (specimen C) that experienced
the 12 successive FAST cycles, another two specimens (namely specimen
A and B) were used to conduct 6 and 9 successive FAST cycles respec-
tively, followed by the measurement of the hardness. An artificial ageing
(90 mins at 120 °C) and two paint bake cycles (20 mins at 180 °C)
required by an auto manufacturer were subsequently applied to those
three specimens, of which the hardness and mechanical strength (UTS)
were measured again. Two-step artificial ageing of AA7075 can signif-
icantly reduce the ageing period [28]. The first step of artificial ageing
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was conducted at 120 °C for 90 min, which generated numerous GPIL
zones and a few 1’ phases. This allowed formed AA7075 to be stored
under natural conditions, minimizing the effect of natural ageing. Sub-
sequently, two PBCs equivalent to the second step of artificial ageing,
transformed all GPII zones into dispersed n’ phases, thereby restoring
the mechanical strength of AA7075. For some auto manufacturers,
components can be assembled after the first step of artificial ageing with
the mechanical strength of vehicle bodies being fully recovered after two
PBCs, thus saving the second step of artificial ageing.

As shown in Fig. 10, the hardness values of specimens A, B and C
after the successive FAST cycles were similar, reaching approximately
148 HV. After artificial ageing (AA) and paint bake cycles (PBC), the
hardness of specimens A and B increased to 170 and 168 HV respec-
tively, and their mechanical strengths were 531 and 525 MPa, which
were no less than 90 % of that of AA7075 at the T6 temper (180 HV in
hardness and 580 MPa in mechanical strength UTS). However, the
hardness and mechanical strength of specimen C was 155 HV and 487
MPa respectively after artificial ageing and PBCs, which were much
lower than those of specimens A and B. This indicated that the hardness/
mechanical strength of AA7075 could not be highly recovered if the
critical cooling rate of 100 °C/s was not reached during quenching. It
should be noted that a mechanical strength exceeding 90 % of that of
AA7075 at T6 temper could be achieved by using an artificial ageing for
a duration longer than 90 mins, when the critical cooling rate was met.

The as-received AA7075 material was obtained from the supersatu-
rated solid solution (SSSS) after conducting a pre-ageing process at a
temperature of 120 °C, and its microstructure was first observed by
using TEM, as shown in Fig. 11a. The precipitates were dispersedly
distributed with a volume fraction of 2.67 %, and their sizes followed
Gaussian distribution with an average value of 4.8 nm in diameter,
which was close to that of a GPII zone (3 to 5 nm) and smaller than that
of an 1’ phase (5 to 10 nm) [29,30]. Therefore, it was suggested that the
microstructure of the as-received AA7075 was a mixture of numerous
GPII zones and a few 1” phases. Subsequently, HRTEM with fast Fourier
transform (FFT) pattern was used to characterize the structures of the
precipitates, as shown in Fig. 11b. The platelet precipitates showed by
the sharp streaking along the {111} direction were identified as the GPII
zone [31,32], and that showed the weak diffraction spots at 1/3 and 2/3
positions along the {111} direction which was identified as the n’ phase
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[33,34].

The microstructures of specimens A and B after performing the
successive FAST cycles were subsequently observed, as shown in Fig. 12
(a and c). It was found that the volume fraction of the precipitates of the
two specimens was significantly decreased to 0.59 % and 0.62 %
respectively, indicating that the majority of the GPII zones and n’ phases
were dissolved at a forming temperature of 450 °C and at a cooling rate
of over 100 °C/s. In the subsequent artificial ageing and PBCs, a large
amount of GPII zones precipitated and then transformed into 1’ phases,
dominating the microstructure of AA7075. Fig. 12 (b and d) showed the
volume fraction of the precipitates of specimens A and B increased to
4.76 % and 4.52 % respectively after artificial ageing and PBCs, and the
average diameter of the precipitates increased to 8.9 and 8.6 nm
respectively, which was within the range of the size of ’. This indicated
the dominant metastable strengthening n’ phases. It should be noted that
the forming temperature of 450 °C was applied to increase the form-
ability of AA7075 to form complex-shaped components, thus requiring
an artificial ageing process of 90 mins at 120 °C to be applied. When an
optimal forming temperature range between 300 °C and 350 °C was
used, the mechanical strength of AA7075 could be fully recovered after
conducting PBCs without any artificial ageing [35].

The TEM micrograph of specimen C after 12 successive FAST cycles
demonstrated the volume fraction of the precipitates of 1.38 % and the
size distribution of the precipitates with the average value of 4.1 nm in
diameter, as shown in Fig. 13a. Although the majority of the precipitates
dissolved, some coarse 1’ phases remained and over-aged n phases
precipitated that were stronger than GPII zones, when the cooling rate
was less than 100 °C/s. This was the reason that the hardness of spec-
imen C was slightly lower than those of specimens A and B after forming.
As shown by the HRTEM and FFT pattern in Fig. 13 (c and d), the coarse
particle incoherent with the aluminum matrix with the diffraction spot
at 1/2 of the {111} positions was characterized as the n phase [36,37].
Consequently, the transformation from GPII zones to n’ phases as well as
from the pre-existing n° phases to n phases, and the growth of the pre-
existing n° and 1 phases were simultaneously occurred in the
following artificial ageing and PBCs. As a result, the strengthening
phases of AA7075 contained coarse 1’ phases and over-aged 1 phases, of
which the size varied significantly from 6 to 20 nm in diameter shown in
Fig. 13b, excessively occupying the aluminum matrix. This was the
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reason that the mechanical hardness of specimen C was much lower than
those of specimens A and B after artificial ageing and PBCs.

The average size in diameter and volume fraction of the precipitates
of AA7075 under different conditions are summarized in Fig. 14. The
average size of the precipitates decreased from 4.8 nm to approximately
3.8 nm after the successive 6 and 9 FAST cycles, remaining in the range
of the size of GPII zones. Meanwhile, the precipitate volume fraction
decreased from 2.67 % to approximately 0.6 %, indicating the great
dissolution of the pre-existing precipitates. After artificial ageing and
PBCs, the average size of the precipitates significantly increased to
approximately 8.8 nm, reaching the range of the size of 1’ phases. The
volume fraction of the precipitates increased to approximately 4.6 %,
approaching the value under the T6 temper of AA7075. Although the
precipitate size of 4.1 nm was within the range of the size of GPII zones,
a few coarse 1’ phases and over-aged n phases precipitated after the
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successive 12 FAST cycles. The average size of the precipitates increased
to 10.5 nm after artificial ageing and PBCs, exceeding the range of the
size of n’ phases. In addition, the volume fraction of 3.73 % was much
lower than the value under the T6 temper of AA7075, proving that the
coarse precipitates excessively occupied the aluminum matrix and thus
reduced the mechanical strength of the material. Therefore, the micro-
structure results verified that the dispersed distribution of the meta-
stable n’ phases and thus the peak mechanical strength/hardness of
AA7075 could be achieved only when the critical cooling rate of 100 °C/
s was satisfied after no more than 9 successive FAST cycles. In addition,
the deterioration of the mechanical strength/hardness of AA7075 would
be more severe with additional forming cycles being applied.

The present study validated that the developed facility was capable
of automatically activating the next cycle of heating after unloading
without changing the specimen and thus measuring the in-situ heat
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transfer and temperature evolutions of sheet aluminum alloys during the
successive non-isothermal forming cycles at a good accuracy and
repeatability. The experimental results revealed the mechanism of the
variations in heat transfer, cooling rate, post-form properties and ma-
terial microstructure as well as provided a guidance on the precise
control and improvement of part performance for large scale multi-cycle
manufacturing. Specifically, the microstructure of AA7075 was main-
tained as a mixture of numerous GPII zones and a few 1’ phases when
quenched at a cooling rate greater than 100 °C/s before 9 successive
FAST cycles, resulting in the dispersed distribution of n° phases and the
mechanical strength of no less than 90 % of that of AA7075 at the T6
temper (580 MPa) after artificial ageing/PBCs. However, the cooling
rate decreased with increasing forming cycle and the critical value of
100 °C/s could not be satisfied since the 10th cycle, leading to the
precipitation of a few coarse 1’ phases and over-aged n phases after
quenching. Consequently, the mechanical strength of AA7075 could not
be recovered after artificial ageing/PBCs. A schematic diagram of the
revealed mechanism during the successive FAST cycles is shown in
Fig. 15.

6. Conclusions

A high throughput in-situ heat transfer measurement facility was
developed in the present research to automatically perform the succes-
sive non-isothermal forming cycles by using a single alloy blank and
then measuring the in-situ heat transfer from the sheet alloy to multi-
mediums during the entire forming process. The variations in temper-
ature evolution, mechanical strength and microstructure of the sheet
alloy during successive forming cycles were therefore identified. The
findings are summarized as follows:

(1) 12 successive fast light alloy stamping (FAST) cycles were con-
ducted to measure the in-situ temperature evolutions of AA7075,
of which the forming temperature of 450 °C, heating rate of
50 °C/s and cycle time of 15 s were precisely controlled, vali-
dating the reliable repeatability and stability of the developed
facility.

The cooling rate of AA7075 decreased with increasing forming
cycles and was less than the critical value of 100 °C/s after the
10th cycle, resulting in the mechanical strength of 487 MPa that
was much lower than the peak value (580 MPa) after artificial
ageing and PBCs.

The majority of the precipitates of AA7075 dissolved after
quenching at a rate greater than 100 °C/s. Subsequently, the 1’
phases were dispersedly distributed with an average diameter of
8.9 nm and a volume fraction of 4.6 % after artificial ageing and
PBCs.

A few 1’ and n phases existed when quenched at a rate slower
than 100 °C/s. After the subsequent artificial ageing and PBCs,
the n° phases and over-aged 1 phases with various sizes occupied
the aluminum matrix, thus leading to a low mechanical strength.
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