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• A novel manufacturing process was de-
veloped to mitigate part distortion in
T-section panels.

• Low and controllable residual stresses
within ~ 100 MPa were successfully
achieved by the process.

• Integrated FEmodel, covering the entire
process, was established and validated
by the experimental data.

• Both residual stresses and the final yield
strength distributions were accurately
predicted.

• The suggested processing parameters
are 1.5% cold rolling and 13 h
constrained ageing.
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A novel manufacturing process, enabling the production of high quality (i.e. with low and controllable residual
stress (RS) distributions and good mechanical properties) T-section 7xxx panels, has been established. This pro-
cess provides a solution to residual stress induced distortion problems, which greatly concerns a range of indus-
tries, especially the aircraft industry. This process consists of three sequential steps — water quenching (WQ),
cold rolling (CR) and constrained ageing (CA). The effectiveness of this process was experimentally verified
through applying this process to laboratory sized 7050 T-section panels. The RSwasmeasured by neutron diffrac-
tion and X-ray techniques, in addition to deflections and hardness at each processing stage. An integrated Finite
Element (FE)model, including all three steps, was developed to simulate thismanufacturing process and predict
both the RS and the final strength distributions. It has been concluded that this novel process can effectively re-
duce the residual stresses from±300MPa towithin±100MPa and produce T-section panels with requiredme-
chanical properties (i.e. hardness: ~159 HV10). A cold rolling level of 1.5% was found most appropriate. The
residual stress and yield strength distributions were accurately predicted by FE, providing a valuable prediction
tool to process optimization for industrial applications.
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1. Introduction
Al-Zn-Mg-Cu alloys, such as 7050, are widely used as structural ma-
terials in the aviation industry, due to their excellent mechanical
properties, especially their high strength-to-weight ratio [1]. The me-
chanical properties of these 7xxx series alloys rely on an appropriate
heat treatment process, which includes solution heat treatment,
quenching and ageing, such that the optimal properties can be achieved
[2]. Thus, to produce an aircraft part with both the required dimensions
and theoptimalmechanical properties, the conventionalmanufacturing
process usually incorporates a heat treatment process in between the
initial forming (e.g. hot forging, hot rolling, etc.) and the final machine
finishing [3]. However, one of the greatest problems induced by the
heat treatment process is the large residual stresses generated by
quenching [4–7]. Quenching is necessary to lock the heat treatable alu-
minium alloy into a super saturate solid solution state and in prepara-
tion for the subsequent age hardening. Unfortunately, the rapid
cooling process (i.e. quenching) also induces a severe thermal gradient
through the part's thickness, leading to a large residual stress field,
which is detrimental to the final structural integrity and dimensional
accuracy [8,9]. The residual stresses are raised from the non-
homogeneous plastic flow of the material, where the interior material
cools slower than the surface one and tries to thermally contract, how-
ever, is constrained by the cooler surface material, leaving large tensile
stresses in the core and compressive stress near the surface [5,8]. Resid-
ual stresses and subsequent distortion have been a major industrial is-
sues for decades, especially when producing extra-long and thick
aircraft panels, such as aircraft wing joints, with uniform cross sections,
leading to substantial costs in re-work or scrappage. Hence an advanced
manufacturing route to produce these parts with low residual stresses
as well as optimal mechanical properties is essential.

Methods, that are solely used to reduce the residual stresses, have
been well established. Cold working, where a uniform plastic deforma-
tion is applied to the quenched part, is an efficient method used for
industrial-sized (i.e. extra-large) aluminium components. Altschuler
et al. [10] have quantitatively investigated the residual stress reduction
from cold working and has demonstrated its efficiency in significant re-
sidual stress reduction. Robinson et al. extensively studied the cold com-
pression effects on the residual stress reduction in 7075 [4], and 7449
[11], and found that compression ratios of 1%–4% are beneficial in reduc-
ing the residual stressmagnitude from a range of ~−300 to+300MPa,
created by quenching, to a range of ~ −100 to 20 MPa. Other RS relief
techniques, such as the thermally induced stress relaxation, have also
been widely investigated by several researchers, such as Orner and
Kulin [12] and Robinson et al. [13] etc. However, elevated temperature
stress relief is not suitable for heat treatable aluminium alloys, as it
may lead to a notable sacrifice on the material's strength. As reported
by Kulin [12], elevated temperatures can enhance stress relaxation,
but significantly reduce the material strength due to the severe over-
ageing. Additionally, research has also been performed to study the ef-
fects of machining [14] and optimize its parameters in turning [15]
and cutting [16,17]. Such research has provided some valuable conclu-
sions regarding the effectiveness of their studied techniques (e.g. cold
compression [4,18], retrogressive and re-ageing (RRA) [19], uphill
quenching [20,21], increasing quenchant temperature [22], post
quenching delay [23], etc.) to reduce the residual stress. However, for
industrial manufacturing processes, the situations are muchmore com-
plex. Generally, the manufacturing process is expected to include vari-
ous steps, such as forming, heat treatments, residual stress reduction,
etc. in an appropriate order, to produce the parts and guarantee their
final properties as well as accurate dimensions. The selection of each
step and their sequence in the manufacturing process should be appro-
priately arranged to maximise their effectiveness, facilitate their uptake
by industry, while minimising any detrimental effects of the former
treatments on the subsequent processing stages. Though previous re-
search has individually studied some steps in isolation, they have not
provided a reliable and practical route that can be implemented directly
in current industrial manufacturing processes. Therefore, it is essential
to establish a novel and advanced manufacturing process that can pro-
duce qualified parts which address the issues caused by residual stress.

The conventionalmanufacturing process to produce extra-large alu-
minium components involves: Hot forming (e.g. hot forging)→ Solution
Heat Treatment (SHT)→Quenching→ cold compression (e.g. cold forg-
ing)→ T74 ageing→machine finishing. This process has demonstrated
its efficiency to produce some low-residual stress, extra-large partswith
simplified dimensions (such as rectangular structures [4]), that can eas-
ily be cold compressed to relieve most quenching induced residual
stresses. However, for those extra-long aircraft panels, which arewidely
used as wing connections, such as T wing-joints [24] (i.e. up to 5m long
while ~120mm thick), the process is no longer applicable. This is attrib-
uted to the extra-long geometry, where no such cumbersome mould
can cover the whole area of the panels to produce a uniform plastic de-
formation at the cold compression stage. Instead, most industries apply
a multi-step cold compression technique, such as multi-step cold forg-
ing, which use a small-sized mould to sequentially compress different
regions of a part until the optimal average plastic deformation is
acheived. These multiple compressions, again, raise undesirable resid-
ual stresses in the over-lap regions, where the material has been com-
pressed more than once. As reported by Pan, et al. [25], the overlaps
significantly raise the residual stresses in that region, and therefore it
is difficult to predict and control the residual stress distribution by the
multi-compression method causing increased scrappage rates. In addi-
tion, the standard ageing techniques applied have not fully realised
the residual stress reduction potential.

In this work, a novel process is established, newly enabling long,
thick aircraft structures to be manufactured with the required mechan-
ical properties and concurrently low and controllable residual stresses.
The novel process involves solution heat treatment, water quenching,
cold rolling and a subsequent constrained ageing treatment. The effec-
tiveness of the proposedmanufacturing process to produce high quality
panels is verified by applying this process to laboratory sized 7050 T-
sectional panels that represent a scaled down version of the aircraft
wingpanel T-joint,which is a typical component that experiences issues
with residual stresses and distortion. The residual stresses, surface
height profile, and hardness values at each processing stage have been
measured using the neutron & X-ray diffraction technique, digital
height gauge and Vickers hardness tester, respectively, to examine the
RS evolution, dimensional stability and mechanical properties in the
process. The mechanisms and experimental phenomenon of the resid-
ual stress distributions and the hardness distributions have been
discussed in detail. In addition, integrated finite element (FE) models
have been developed, including a quenching, cold rolling and
constrained ageing model, of the T-panel to predict the RS distribution
at each processing stages and to predict the final yield strength distribu-
tion after ageing. These models have been validated through compari-
son with the experimental measurements and provide a valuable
industrial tool to design and optimize the processing routes for a
range of component geometries.

2. Experiments

2.1. Material, sample geometries and procedures of the manufacturing
process

Aluminium alloy 7050 was used in this study, of chemical composi-
tion 5.7–6.7 wt% Zn, 1.9–2.6 wt% Mg and 2–2.6 wt% Cu. This material
was supplied by the First Aircraft Institute (FAI) that represents that
used in industrial-sized T-joint components (i.e. 120mm in thickness
and ~5m in length), which are used to connect the aircraft wing panels.
Several scaled-down T-section panels were milled from the material
provided, the dimensions of which are illustrated in Fig. 2(a). These T-
panels consist of one web and two flange parts of thickness 24 mm
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and 16mm, respectively. The T-panelswere 450mm in length to ensure
that a steady state region was achieved, where the resultant material
properties are approximately uniform along its length, after each stage
of the manufacturing process.

The temperature profile of themanufacturing process, togetherwith
the corresponding images of each step (i.e. water quenching, cold
rolling and constrained ageing), are illustrated in Fig. 1(a). The princi-
ples and mechanisms of the three stages in this new process, including
the detailed processing procedures are described below:

(i) Solution heat treatment and water quenching (WQ)
T-section panels were solution heat treated (SHT) at 475 °C for
3 h, and then quenched in coldwater at ~20 °C. The quenching di-
rection is in the transverse (X co-ordinate) direction, as shown in
Fig. 2(a). In the aircraft industry, warm water ~60–70 °C is usu-
ally used as the quenchant for aluminium alloys to minimise
the generation of RS [19]. However, here, due to small size of
scaled down T-section panel, cold water (~20 °C) was adopted
to enable sufficient quenching-induced RS and facilitate the sub-
sequent examination of RS reduction. All quenched T-section
panels were then kept at room temperature for 7 days until the
microstructureswere considered stable and relatively unaffected
by subsequent natural ageing during cold rolling. Two of the T-
panels were then stored for future measurements, while the
others were progressed to the next manufacturing step. For clar-
ity, “WQ” is adopted to represent the condition, where both
water quenching and 7 days room temperature delay were ap-
plied to the part.

(ii) Cold rolling (CR)
The selectedWQT-section panelswere then cold rolled to gener-
ate an average deformation level of 1.5% and 3%, using the set of
rollers presented in Fig. 1(b). Both rollers had a nominal diameter
of 78 mm and rotated at an angular velocity of 1 rads−1. The bot-
tom roller contained a groove to accommodate the webbed re-
gion of the T-section panel. The aim of CR is to apply relatively
uniform plastic deformation through the thickness of the panels
Fig. 1. Schematic illustration of the (a) manufacturing proce
for RS reduction.More importantly, the deformation employed is
continuous and uniformly distributed along the panels' length,
thus, expecting to achieve controllable and homogenous residual
stress distributions. The notation “WQ+CR” is adopted to repre-
sent the condition, where quenching, a room temperature delay
and cold rolling were applied. After CR, two of the T-section
panels under each condition: WQ + CR (1.5%) and WQ + CR
(3.0%) were stored, while the others were prepared for the next
constrained ageing treatment.

(iii) Constrained ageing (CA)
Subsequently, theWQ+CR T-section panels, bothwith 1.5% and
3.0% CR levels, were constrained at a fixed displacement using
the clamping tool shown in Fig. 1(c). To maintain the curvature
created by the prior cold rolling step (i.e. 1.5%, 3.0%), the bottom
supports were adjusted before CA. Thermo-couples were distrib-
uted along the longitudinal direction of the T-panel to monitor
the temperature variation during CA. The clamped T-panels
were then placed in the middle of the oven and aged at 120°C
× 6h+ 177°C × 7h to achieve the target T74mechanical proper-
ties (i.e. acceptable strength and enhanced corrosion resistance),
as well as further minimise the RS. The ageing condition adopted
here is according to the T74 ageing standard [26]. This treatment
is expected to maximise the RS reduction, correct the panels'
shape and improve the mechanical properties of the material.
This new ageing method was inspired by the creep age forming
process [27–29], where creep strain continuously increases at
the ageing temperature, while precipitation occurs concurrently.
Interactions between the dislocations, created by cold rolling and
stress relaxation, and the precipitation process also occur.

After employing the above manufacturing process, the T-section
panels under each processing conditions: WQ, WQ + CR (1.5%), WQ
+ CR (3.0%), WQ + CR (1.5%) + CA, WQ + CR (3.0%) + CA T-panels
were achieved. These T-section panels were then prepared for the RS
and surface profile measurements.
ss, (b) rollers and (c) constrained ageing clamping tool.
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Fig. 2. (a) Dimensions (in mm) and measurement plane of the lab-sized T-panels, (b) neutron diffraction measurement points, (c) locations and dimensions of the stress-free samples
(d) X-ray diffraction measurement points.
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2.2. Residual stress characterization (Neutron and X-ray tests)

Neutron diffraction (ND) measurements were performed on three
T-section panels: (i) water quenched (WQ), (ii) water quenched and
1.5% cold rolled (WQ + CR (1.5%)), (iii) water quenched, 1.5% cold
rolled and constrained aged (WQ + CR (1.5%) + CA). Measurements
were performed on the neutron strain scanner instrument E3 at the
Helmholtz-Zentrum Berlin. Measurements were performed at 26 and
19 points along the middle line (ML) and side line (SL), respectively,
as shown in Fig. 2(a–b), to examine the through depth RS distribution
in both the web and the flange parts. Measurements were taken at
0.5 mm intervals near the surfaces, while increasing increment size to
2 mm at the core. The small increments near the surface are necessary
to capture the large RS gradient created by the rolling process. In addi-
tion, the measurement points located within 2 mm from the surface
were measured twice at 0° and 180° relative to the bisecting angle be-
tween incident and diffracted beams and averaged to minimise
pseudo-strain errors.

A gauge volume, 2 × 2 × 2mm3, was used to sample sufficient grains
for a satisfactory statistical average diffraction peak to be measured,
while obtaining adequate resolution of the RS distribution. The neutron
wave lengthwasλ=1.47Å. The scattering angle, 2θ, was obtained from
the {311} peak (2θ ≈ 74°) for calculating the lattice spacing, d, using
Bragg's Law [30,31] in Eq. (1). The scattering angle, 2θ0, of the strain-
free samples were obtained by measuring small cubes (4 × 4
× 4 mm3), which were cut from three nominally identical T-section
panels as those measured in the corresponding locations, shown in
Fig. 2(c). These values (i.e. 2θ0) are used to calculate the strain free lat-
tice spacing, d0, using Eq. (1), and subsequently used as the reference
lattice spacings for the calculation of the elastic residual strains, using
Eq. (2).

mλ ¼ 2dhkl sinθhkl ð1Þ

εhkl ¼
Δdhkl
d0;hkl

¼ sinθ0;hkl
sinθhkl

� 1 ð2Þ
where dhkl and d0, hkl are crystallographic plane specific lattice spacings
of the samples measured and strain free samples, respectively, θhkl and
θ0, hkl are the corresponding scattering vectors, λ is the wave length
andm is an integer. Substituting Eq. (1) into Eq. (2), the lattice spacing
values can be eliminated and the elastic residual strains can be directly
calculated using themeasured scattering angleswithout a calculation of
the lattice spacings. The residual stresses in x, y, z directions then can be
determined from the corresponding measured residual strains using
Hookes law, Eq. (3).

σ ii ¼
Ehkl

1þ vhklð Þ 1−2vhklð Þ 1þ vhklð Þεhklii þ vhkl εhkljj þ εhklkk

� �h i
ð3Þ

where Ehkl and vhkl is the elastic modulus and Poisson's ratio, respec-
tively, of a specific crystallographic plane. The elastic modulus,
69.0 GPa, and Poisson's ratio, 0.33, for aluminium alloy [26] was taken
for calculations in all directions.

X-ray diffraction measurements were performed on five T-section
panels: (i) WQ, (ii) WQ + CR (1.5%), (iii) WQ + CR (3.0%), (iv) WQ
+ CR (1.5%) + CA, (v) WQ + CR (3.0%) + CA, via the Pulstec μ-X360
[11,32], to assess the near surface residual stresses in the rolling (z co-
ordinate) direction during the process. Additionally, the effects of cold
rolling levels on RS reductions were examined by comparing the RS be-
tween state (ii) and (iii). This technique calculates the residual stresses
using Bragg's Law, however, can only detect the in-plane RS in the sur-
face layer, where plane stress assumption is applicable. The measure-
ments were taken at 5 mm intervals along the top line (TL) and
bottom line (BL) in the mid plane, shown in Fig. 2(d).

2.3. Surface profile and hardness testing

The surface profile of CR andCR+CAT-section panels at Z=0,±20,
±60, ±140, ±225 mm, were measured using a digital height gauge to
examine the parts' dimensional stability after CR and CA. For each Z-
axis position, 3 measurement points at 10 mm intervals (in Y-axis)
were averaged to improve measurement accuracy. Finally, the mid
planes of the T-panels at WQ, WQ + CR (1.5%) and WQ + CR (1.5%)



5J.-H. Zheng et al. / Materials and Design 173 (2019) 107767
+ CA stages were sectioned out and Vickers hardness tests were per-
formed on these sectioned mid planes at the positions illustrated in
Fig. 3. On a given line through the thickness, hardness measurements
were taken at 2 mm intervals at the core and at an increment of 1 mm
near the surface, where higher gradients in properties are expected. At
each Y measurement location, 3 indentations, which were 1.5 mm
apart from each other in X-direction, were averaged. The hardness
tests were performed at room temperature using Indentec Model
8187.5 LKV Universal Hardness Tester, with a weight of 10 kg.

A measurement matrix, including all measurement tests on T-
sectional panels at different processing stages, is given in Table 1. X-
ray diffraction tests were performed on all T-sectional panels under
WQ, WQ+ CR andWQ+ CR+ CA conditions, including two CR levels
(i.e. 1.5% and 3.0%), to verify the effectiveness of the process and exam-
ine the effects of CR levels on RS reduction. Due to the limited access
time to the neutron strain scanner instrument, the neutron diffraction
tests were only performed on T-sectional panels under WQ, WQ+ CR
and WQ + CR + CA, conditions with a CR level of 1.5%, since 1.5% has
been found most effective for RS reduction [33]. Hardness measure-
ments were performed on the same T-section panels that neutron dif-
fraction measurements were performed on to examine the evolution
of mechanical properties. Deflection measurements were conducted
on all test conditions to check the surface profiles.

3. Experimental results

3.1. Surface residual stresses at each stage by the X-ray diffraction tech-
nique (cold rolling = 1.5% and 3.0%)

Fig. 4 presents the surface RS profiles in the rolling direction, σz,
along the top line (TL) and bottom line (BL) of the T-section panels
(see measurement locations in Fig. 4(e)) at each processing stage,
where the average thickness reduction produced by CR is (a, b) 1.5%
and (c, d) 3.0%. The blue circular symbols represent the surface residual
stress values directly after the water quenching (WQ). The orange
square symbols represent the surface residual stress values after both
WQ and the cold rolling (CR). The green triangles represents the surface
residual stresses after WQ, CR and the constrained ageing (CA) As
shown in Fig. 4(a), relatively uniform RS distributions were observed
for the T-panels at all processing stages. No significant differences
were observed between the RS values on the web surface (i.e. X = −5
to 5mm) and that on the flange surface (X b−5 and N5mm). Compres-
sive RS, which fluctuates around−200 MPa, were created on the parts'
surface (i.e. TL and BL) by WQ. This value agrees well with several re-
searchers that have studied quenching induced RS on 7xxx alloys,
such as [4,19,34]. The compressive surface RS were created due to the
thermal gradient during cooling (i.e. quenching), which results in a
non-uniform plastic flow of the material, leaving high tensile stresses
in the core while compressive stresses at the surfaces [7]. The RS be-
comes tensile with a magnitude of around 200 MPa after 1.5% CR. The
increase is attributed to the significant surface shear during rolling.
Though an average thickness reduction of 1.5% was achieved after CR,
Fig. 3. Schematic illustration of the hardness measurement locations.
a plastic strain gradient through the panel's thickness exists, where rel-
atively uniform compressive strains (in the thickness direction) are
present in the core, while large tensile strains (in the rolling direction)
are present near the surface. Therefore, the panel's surfaces are severely
stretched in the rolling direction by the friction force, leaving high ten-
sile surface RS up to ~200 MPa. In addition, more dislocations were in-
troduced to the surface region of the panel by CR, thus are expected to
facilitate the surface stress relaxation in the subsequent CA process,
according to [35]. Therefore, larger RS reduction is expected in the sur-
face region during CA. As can be seen in Fig. 4(a), after CA, the RS finally
reduces to around ~100 MPa due to the thermally activated stress
relaxation phenomena at the ageing temperature (i.e. 120°C × 6h
+ 177°C × 7h).

Comparing the σz values of the T-panels along the BL in Fig. 4
(b) with that along the TL in Fig. 4(a), it can be observed that similar
WQ induced surface RS values were measured (i.e. −200 MPa). How-
ever, for the T-panels in the WQ+ 1.5%CR stage, the average RS values
(~230 MPa) on the bottom surface (i.e. BL) are slightly larger than that
(~200 MPa) on the top surface (i.e. TL). Though there is some uncer-
tainty associated with the measurements, these trends were confirmed
by the T-panel measurements after WQ+ 3.0%CR. In addition, neutron
diffraction results also showed the same phenomenon, where larger RS
values were present on the bottom surface, which will be later de-
scribed. This phenomenon can be attributed to the distinct top and bot-
tom surface shear stress levels. Though the angular velocities of the two
rollers are identical, different line velocities were employed during
rolling due to smaller radius of the roller in the groove region. The top
surface of thewebwas sheared less than thebottom surface. In addition,
the lower shear stress levels on the top web surface constrains the de-
formation of the top flange surface, leading to curved T-panels after
the cold rolling. The detailed curvature profile is later presented in
Fig. 12. Therefore, lower shear stress levels were achieved not only on
web of the TL, but also on the flange of the TL, leading to smaller σz at
the TL comparing to that of the BL. The “web” and “flange” of the T-
section are illustrated in Fig. 2(a). Comparing the RS distributions
along BL and TL for the T-panels at the WQ + 1.5CR + CA stage, it can
be concluded that similar final RS values, which are around 100 MPa,
are generated. It should be noted that, though the surface RS modified
by 1.5%CR are higher on theBL than that on the TL, theywere all reduced
to around ~100 MPa after the final constrained ageing treatments, indi-
cating larger reductions in RS magnitudes on the bottom surface. The
experimental results from the Stress Relaxation Ageing (SRA) tests
[35] showed that larger pre-strain values can create more mobile dislo-
cations that facilitate the stress relaxation process, leading to larger
stress reduction after the ageing treatment. Here, the plastic deforma-
tions in the bottom region created by cold rolling are larger than that
in the top surface region. Therefore, the larger stress reduction on the
bottom surface during CA may be attributed to the larger prior plastic
strains on BL compared to that on the TL.

Fig. 4(c) and (d) illustrate the surface RS distribution, σz, along the
top and bottom lines of the T-panel, respectively, where the cold rolling
level applied was 3.0%. The surface RS changed from around−200MPa
to around 200–300 MPa after cold rolling, then reduced to around
100–150 MPa after constrained ageing. Similar to the case of 1.5%CR,
the RS values at WQ + 3.0%CR + CA stage are nearly identical (i.e.
around 100–150 MPa) along TL and BL of the T-panels. However, com-
paring the RS values at the WQ+ 3.0%CR stage along BL and TL, higher
RS values were observed along BL (in Fig. 4(d)) than that along TL (in
Fig. 4(c)). The average RS value along BL is ~300 MPa after 3.0% CR,
while ~200 MPa along TL. The cause of the phenomenon is also due to
the different plastic strain levels created by CR on the BL and TL. After
CA, the RS along TL and BL are all reduced to around 100–150 MPa.

Comparing the σz evolutions during the above two manufacturing
process (i.e. WQ + 1.5%CR + CA, WQ + 3.0%CR + CA), it can be ob-
served that higher RS distributions were created by higher cold rolling
levels, due to the larger shear stresses on the panel's surface. The σz



Table 1
Measurement details on the T-section panels.

Processing stages Residual stress measurement Hardness measurement Deflection measurement

X-ray diffraction Neutron diffraction

WQ ✓ ✓ ✓ ✓

WQ + CR (1.5%) ✓ ✓ ✓ ✓

WQ + CR (1.5%) + CA ✓ ✓ ✓ ✓

WQ + CR (3.0%) ✓ ✓

WQ + CR (3.0%) + CA ✓ ✓
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values of WQ + 3.0% CR are 200–300 MPa after the component being
subjected to WQ + 3.0%CR, while are ~200 MPa after WQ + 1.5%CR.
Given the fixed CA time and temperature, the high RS values created
by 3.0% CR cannot be sufficiently reduced by CA, leaving final RS values
of 100–150MPa,which are larger than that (i.e. within ~100MPa) in the
Fig. 4. Residual stresses in the rolling direction (i.e. σz) along the (a) top line and (b) bottom lin
aged (WQ + CR+ CA) stages: The cold rolling level is (a), (b) 1.5% and (c), (d) 3.0%; (e) A sch
WQ + 1.5% + CA panel. Therefore, it can be concluded that 1.5% CR is
most appropriate to achieve uniform compressive strains at the panel's
core. After CR, a slight decrease in the RS values, with an increase in X, is
somewhat apparent in Fig. 4, though themeasurements are expected to
be symmetric about the Y axis. This may be attributed to the slight
e of the T-section panels at water-quenched (WQ), cold-rolled (WQ+ CR) and constrain-
ematic illustration of the top line (TL) and bottom line (BL).
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misalignment between the T-section panel and the roller during the
cold rolling process, leading to a slight difference in the thickness reduc-
tion ratio on both sides of the flange (i.e. Fig. 2). This minor trend is not
the focus of the work, where obvious differences were still observed
when comparing the residual stresses after WQ, CR and CA, and are
good illustrations of the effectiveness of the process. Additionally, the
effects of cold rolling levels can be seen, where high RS distributions
were observed in T-section panels with higher cold rolling levels.

3.2. Through depth residual stresses at each processing stage via neutron
diffraction technique (cold rolling = 1.5%)

3.2.1. d0 determination
Fig. 5 illustrates the strain free scattering angles, 2θ0, in 3 orthogonal

(x, y, z) directions, along the middle line (ML) and the side line (SL) of
the T-panels atWQ,WQ+CR andWQ+CR+CA stages, here denoted
θ0, wq, θ0, cr, θ0, ca, respectively. The black, blue and red columns present
the 2θ0 values of the T-panels at WQ, WQ + CR and WQ + CR + CA
stages, respectively. Solid, cross-hatched, and hatched markings repre-
sent the 2θ0 in x, y and z direction, respectively. These are presented
to identify any trends with position, orientation and processing route.
These strain-free lattice spacings are used to calculate the residual
stresses using Eqs. (1)–(3), as described in Section 2.2. Generally, larger
scattering angles (i.e. 2θ0, ca = ~74.09°) were determined for the WQ
+ CR + CA T-panel compared to that for the strain-free WQ (i.e. 2θ0,
wq = ~74.02°) and WQ + CR (i.e. 2θ0, cr = ~74.02°). Considering the
2θ0 values through the thickness (both alongML and SL) under identical
processing conditions, no apparent trends were observed, where all
valuesfluctuated around amean value. Similarly, no obvious differences
and trends were observed for 2θ0 values in x, y, z directions. Therefore,
the average value of 2θ0was used for the subsequent RS calculation [19].
Fig. 5. 2θ0 values along (a) themiddle line and (b) the side line. The corresponding locations of t
CA stands for treatments: water-quenching (WQ), cold-rolling (WQ + CR) and constrain-age
rolling level was 1.5%.
The average 2θ0 and the corresponding lattice spacing values are given
in Table 2.

In terms of WQ T-panels, the average strain free lattice spacings, d0,
wq, was calculated by substitutingλ=1.47Å and average value of 2θ0,wq

into Eq. (1), and hence d0,wq=1.2211±0.0002Å. This d0, wq value is ex-
pected to be slight smaller than that, dAl, of the pure Almatrix due to the
internal stress field created by the interphase boundaries between GP
zones and Al-matrix [26]. After quenching, Zn, Mg, etc. elements were
dissolved and locked into the Al-matrix. Fully coherent GP zones were
formed during the room temperature delay. These GP zones create lat-
tice strain field and hence micro-stresses across the interphase bound-
aries, which may lead to a decrease in the lattice spacing. However, in
this case, no obvious differences were found between the calculated
d0, wq (i.e. d0, wq = 1.2211 ± 0.0002Å) and dAl (i.e. dAl = 1.2211Å)
[36]. This may because the effects of the GP zones, created by the
room temperature delay and are extremely small. This GP zone induced
strain field may be mixed with the systematic error of the ND instru-
ment, and thus, no difference was observed.

For WQ + CR T-panels, though no significant variations were ob-
served in 2θ0, cr along ML and SL, the material was significantly de-
formed by cold rolling, especially near the surface. This plastic strain
history introduces dislocations into the structure which can lead to
peak broadening which leads to higher uncertainties in the Gaussian
fit to the intensity peak. The magnitude of the out-of-plane stresses,
σy, at the surface were found to be significantly larger than zero when
using the average value of 2θ0, cr, in the residual stress calculations,
which was deemed unreasonable. Therefore, 2θ0, cr was taken to be
74.034°, which is within the uncertainty range of 2θ0, cr (i.e. 74.016 ±
0.020°), to ensure the surface out of plane RS value, σy, ≈0MPa.

As observed above, larger 2θ0, ca valuesweremeasured forWQ+CR
+ CA T-panels, which indicates a smaller average lattice spacing for the
he stress-free samples along (c) themiddle line and the (d) side line. Note thatWQ, CR and
ing (WQ + CR + CA), respectively. x, y, z represent the 3 orthogonal directions. The cold



Table 2
2θ0 and d0 used for RS calculation at WQ, WQ + CR, WQ+ CR+ CA stage.

WQ WQ + CR WQ + CR + CA

2θ0(°) 2θ0, wq 2θ0, cr 2θ0, ca
74.014 ± 0.014 74.016 ± 0.020 74.090 ± 0.016

d0(Å) d0, wq d0, cr d0, ca
1.2211 ± 0.0002 1.2208 ± 0.0003 1.2200 ± 0.0002

8 J.-H. Zheng et al. / Materials and Design 173 (2019) 107767
{311} planes after the constrained ageing treatment. This smaller lattice
spacing, d0, ca, should be attributed to the formation of the incoherent
precipitates, η, at the ageing temperatures, making the lattice spacing
of Al smaller.

3.2.2. Residual stress distributions
The RS distributions along themiddle line forWQ,WQ+CR andWQ

+CR+CA conditions are presented in Fig. 6, where the squares, circles
and triangles represent the RS in X, Y and Z directions, respectively. In
general, the RS generated by quenching, which ranged from
−250 MPa to +250 MPa, became from −100 to +270 MPa by cold
rolling, and was generally further reduced to a range of −95 to
+165MPa by constrained ageing. As generally accepted, the quenching
induced RS are attributed to the large thermal gradient from the centre
to the surface of the material during cooling, leading to a sequential
thermal contraction from the surface to the central part and hence a
non-uniform plastic flow of the material. During the initial stage of
quenching, the surface material cools much faster than the interior.
Plastic deformation can be achieved near the surface due to thermally
induced stresses, leaving a region of large tensile residual stresses at
the surface balanced by relatively small compressive residual stresses
in the core. At this point, the component consists of a soft hot interior
surrounded by a harder and cooler exterior. As cooling progresses, the
interior of the material starts to cool and tries to contract but is
Fig. 6. Residual stress distributions along themiddle line of the T-section panels at (a)water-qu
(d) a schematic illustration of the middle line. The cold rolling level was 1.5%.
constrained by the cooler surface material, causing tensile thermal
stresses. As the interior cools further, the surface tensile thermal strains
reducewith the development of compressive stress,finally leaving large
tensile RS at the core, while compressive RS near the surface. Fig. 6
(a) shows RS distributions in the quenched component for RS in all
three directions. The RS in the rolling direction,which contains the larg-
est tensile and compressive stress differences (i.e.σz~−240 to 250MPa)
is the main detrimental factor to the part's final dimensional accuracy.
The RS in y direction, σy, varies from ~0 to 110 MPa, which is much
smaller than σz due to the shorter transverse dimension of the T-
panel. As expected, σy approaches ~0 MPa for measurement points
close to the surface (i.e. y = 0 mm and y = 24 mm). In terms of σx, a
similar parabolic distribution was observed compared to σz, with
smaller magnitudes (i.e. −250 to 127 MPa). These results are similar
to the work by Robinson et al. [11], who performed measurements on
a 7449 forging. The locations of the peak tensile RS are slightly offset
from the centre of the middle line and is at approx. y = 10 mm for σz,
due to the influence of the web. The uncertainty due to the error in
the fitting the peak intensity of the measured RS is around ±30 MPa.

The RS distributions were completely reversed after the T-section
panel was subjected to 1.5% CR. As presented in Fig. 6(b), the largest RS
distribution exists in the rolling direction (i.e. σz up to 268 MPa), while
the RS in the other two directions were effectively reduced to within ±
70 MPa. In terms of σz, which is of greatest concern, large RS gradients
were present within 4 mm of the panel's surface, while a significant de-
crease was observed in the core of the panel. This re-distributed RS is
mainly attributed to the severe shear near the surface and relatively uni-
formplastic deformations in the core. The typeof plastic deformation, cre-
ated by the cold rolling, relieved most of the central RS from ~250 MPa
(i.e. WQ) to ~50 MPa (i.e. WQ + CR), while left high surface RS in the
rolling direction. In the aircraft industry, more than ~70% of the material
is usually removed by final machining finishing [35]. Therefore, the rela-
tively uniform RS distribution in the interior, which was produced by
enched (WQ), (b) cold-rolled (WQ+CR) and (c) constrain-aged (WQ+CR+CA) stages;
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cold rolling, is beneficial for the final dimensional accuracy, as large RS re-
gions (i.e. near the surface), which is detrimental to the final dimensional
accuracy, will be removed, leaving the interior part with a low and uni-
form RS distribution. Though the σz component of the RS distribution is
all tensile and does not self-balanced along the ML (in Fig. 6b), it will be
later shown (Fig. 8) that the stress does balance across the full T-cross-
sectional area, as required. The uncertainty of the measured RS in WQ
+ CR is much larger than that of the WQ T-panel, especially near the
panel's surface, which is up to ±42 MPa. This can be due to reasons in-
cluding cold rolling induced texture and dislocation effects. The textures,
such as elongated grains and latticemisfits, created by CR, can lead to dif-
ficulties in the NDmeasurements, resulting in a strong variation in inten-
sity of the {311} Bragg peak. Therefore, larger uncertainty of the 2θ values
were obtained when using the Gaussian function to fit the intensity and
scattering angle relations, hence, resulting in larger uncertainty of calcu-
lated RS. Another reason is the partially immersed sample gauge volume
by the instrumental gauge volume. Although the average RS of the mea-
surements at 0° and 180° relative to the bisecting angle between incident
and diffracted beams, which is explained in more details in Section 2.2,
were taken to account for pseudo–strain, the uncertainty induced by
the partially buried gauge volume still impact the accuracy of the
measurement.

The RS distributions along the ML for theWQ+ CR+ CA T-panel are
shown in Fig. 6(c). After the constrained ageing treatment, the large sur-
face RS (i.e. σz) was further reduced to ~100 MPa, while the RS which
were initially b~100 MPa were hardly relaxed. To clarify the effects of
constrained ageing on the RS reduction in the rolling direction, the RS re-
duction, Δσz, values (i.e. Δσz = σz, wq+cr − σz, wq+cr+ca) along the ML of
the T-section panel were calculated and plotted in Fig. 7(a). As expected,
only the RS on the surface layer (i.e. within 2 mm from the surface) re-
duced and themaximum reduction (i.e.Δσz)was 86MPa,while no RS re-
duction (i.e. Δσz ≈ 0 MPa) was observed from y= 2 to y= 22 mm. The
RS reduction by CA is attributed to the thermally activated creep and
stress relaxation during ageing at 120°C × 6h+ 177°C × 7h. Stress relax-
ation occurs only if the RS is larger than the threshold stress at the ageing
temperature.

To examine the threshold stress of this material for CA, the RS reduc-
tion (i.e.Δσz) vs. the initial RS (i.e.Δσz,wq+cr)was presented in Fig. 7(b). It
can be concluded that higher RS result in larger RS reductions. However,
when the initial RS reduced to ~100MPa, little or no relaxation inσz is ob-
served, which implies that the threshold stress is ~100 MPa for 7050 at
the multi-step constrained ageing temperature. According to the experi-
mental SRA behaviour in [35], the plastic deformation history, which in-
duces a large amount of mobile dislocations into the structure, can
significantly facilitate the stress relaxation process of 7050 due to both
theOrowan's relation (i.e. _ε∝ρ) and the promoted precipitation hardening
response. Therefore, the larger reduction in the surface RS may also be
Fig. 7. (a) The residual stress (RS) reduction,Δσz, along theMLdue to the constrainedageing (CA
before CA).
attributed to the severe plastic deformation history in the surface region
compared to that at the core. Again, the RS uncertainty, receiving from
the peak intensity fit, for the WQ+ CR + CA part is around ±40 MPa.

Fig. 8 illustrates the residual stress distributions along the side line
(SL) of the T-section panels after being treated to water quenching, cold
rolling and constrained ageing sequentially, where the squares, circles
and triangles represent the RS in X, Y and Z directions, respectively. Typ-
ical values of the residual stresses at y = 0 mm, 8 mm, 16 mm for WQ,
WQ + CR, WQ + CR + CA T-panels are summarised in Table 3. For the
RS distribution in theWQ T-panel, shown in Fig. 8(a), similar RS distribu-
tions (i.e. tensile RS in the core while compressive RS near surface) were
observed comparing to that along the ML. The measurement uncertainty
in theWQpanelwaswithin±36MPa. Largeσx andσzwere generated by
quenching, and their values range from−228MPa to 146MPa. While σy

was generally negligible. The difference between the maximum tensile
and compressive RS along SL (i.e. 375 MPa) is much smaller than that
along ML (i.e. 493 MPa) due to the smaller thickness (i.e. 16 mm) of the
flange part comparing to the web part. Additionally, the peak tensile RS
locates in themiddle of SL (i.e. y= 8mm), which implies that the impact
of the web on the cooling process of the material along SL are extremely
small.

Fig. 8(b) shows the RS distribution after the WQ panel was subjected
to 1.5% cold rolling process (WQ+CR). Similar to theML, the RS distribu-
tion after CR on the SL is the reverse of that post WQ of the T-panel (i.e.
Fig. 8(a)).σx andσywere reduced to ~0MPa,whileσz exhibits a parabolic
profile, with large tensile stresses (i.e. 210 MPa) near the surface while
high compressive stresses (i.e. −160 MPa) at the core. Fig. 8
(d) schematically illustrates the locations of the maximum tensile σz on
the middle (i.e. point A) and side (i.e. point B) line of the WQ T-panel.
Themaximum tensileσz on theML is 247MPa, which is ~100MPa higher
than that on the SL (i.e. 146 MPa). After applying the same amount of
plastic deformation by the cold rolling, where the point A and B experi-
enced same amount of plastic deformation in the rolling direction, the
RS, σz, at point B is still smaller than that at point A. The cold rollingmod-
ified σz at point B should also be smaller than that in the surface region
due to the severe surface plastic deformation by CR. Therefore, the σz at
point B should be the smallest across cross-section area such that: σz at
point B b σz at point A and σz at point B b σz near surface. To achieve a
stress balance over the area, compressive σz must exist in the core of
the flange parts. The uncertainties of the RS in the WQ + CR T-panel
are within ±48 MPa.

Fig. 8(c) illustrates the RS distribution after the T-panel being treated
byWQ+ CR+ CA. In general, the range of the RS values successfully re-
duced from a range of −160 MPa −210 MPa (before CA) to a range of
−71MPa–130MPa (i.e. after CA) due to the thermally activated stress re-
laxation at the ageing temperature. Similar to that along theML (i.e. Fig. 6
(c)), the RS, which is initially b~100 MPa, hardly relaxed, while the RS at
) treatment; (b) the residual stress reduction,Δσz, vs. initial stresses (i.e. the residual stress



Fig. 8. Residual stress distributions along the side line of the T-section panels at (a) water-quenched (WQ), (b) cold-rolled (WQ + CR) and (c) constrain-aged (WQ+ CR+ CA) stages;
(d) a schematic illustration of the side line and surface region.
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the surface and core reduced to ~100 MPa. To clearly present the RS re-
ductions (i.e. Δσz) due to CA, Δσz (equals to σz, wq+cr − σz, wq+cr+ca)
was plotted against the Y position and against the stresses before CA, as
shown in Fig. 9(a) and (b), respectively. As expected, large RS reductions,
up to±80MPa, were observed at the surface and the core, where the ini-
tial RS are higher than ~100 MPa. More importantly, the threshold stress
for the stress relaxation process during CA can be determined from Fig. 9
(b). The absolute values of the threshold stresses for tensile and compres-
sive RS relaxations are both ~100 MPa. In addition, no obvious difference
was observed in the stress relaxation values for tensile and compressive
RS.

The final RS distribution along the SL after the constrained ageing can
reflect the RS status in the majority part (i.e. 2 flanges) of the T-panels,
which is small in magnitude (~±100 MPa) and flat in the core region
(from y=4–12mm). It is known that the compressive surface RS benefit
the fatigue life of the material, where it reduces the magnitude of tensile
stress on themetal surfacewhere cracks initiate and propagate. However,
in this case, though large tensile residual stresses were presented in the
surface region, these regions will be removed during the final machine
finishing, as illustrated in Fig. 10, leaving the core region in service. There-
fore, the final RS distribution in this work is suitable for aircraft
Table 3
The residual stress values for WQ, WQ + CR, WQ + CR+ CA T-section panels at Y = 0, 8 and

Y (mm) WQ WQ + CR

Y = 0 Y = 8 Y = 16 Y = 0

σx (MPa) −195.79 146.44 −222.76 24.10
σy (MPa) 13.212 −5.16 44.52 −30.43
σz (MPa) −124.00 121.75 −228.54 210.03
application, where only the interior of the panel, containing low and uni-
form RS distributions, is left.

The σz at the web surface (i.e. X= 0mmand 24mm) and the flange
surface (X=0mmand16mm),which are located at the samepositions
as the NDmeasurements along the ML and SL (i.e. in Fig. 2(b)), respec-
tively, were selected and plotted together with the ND measured σz in
Fig. 11, for the cold rolling levels of 1.5%. The yellow circles, blue squares
and red triangles represents the measured residual stresses at the WQ,
WQ + CR(1.5%) and WQ + CR(1.5%) + CA stage, respectively, where
solid symbols are NDmeasured RS and hollowed symbols are XRDmea-
sured RS values. As can be seen, the XRD measured surface RS agrees
well with theNDmeasured RS at each processing stages, therefore, con-
firmed the reliability of the measured RS distributions.

3.3. Deflections and hardness distributions at each stage

Fig. 12 presents the deflections in the Z direction of the quenched T-
section panels after being quenched (WQ), cold rolled (WQ + CR) and
subsequent constrained aged (WQ + CR + CA). The cold rolling levels
are 1.5% and 3.0%. In general, the T-section panel retained flat after
WQ, where the heights of the flange at various Z locations are all
16 mm.

WQ + CR + CA

Y = 8 Y = 16 Y = 0 Y = 8 Y = 16

9.14 20.28 18.70 22.54 −71.38
−30.27 −65.78 −38.89 −5.89 −65.78
−160.15 134.81 130.80 −88.80 86.20



Fig. 9. (a) The RS reduction, Δσz, along the SL due to the CA treatment; (b) the RS reduction, Δσz, vs. initial stresses (i.e. RS before CA).
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~16 mm. The flat T-panels were curved toward the convex surface after
the cold rolling treatment for both levels: 1.5% and 3.0%. The curved de-
flections are attributed to the different exit velocities of the top (i.e. con-
vex) surface and the bottom (i.e. flat) surface during the cold rolling.
Though given the same angular velocity to the two rollers during cold
rolling, the line velocities of them still exhibit slight difference due to
the different shape of the rollers. The diameter of the groove region on
the grooved roller is 16 mm smaller than that of any other regions on
the two rollers. Therefore, the convex surface generated smaller exit ve-
locities than that of theflat surface, resulting in a strain gradient through
the part's thickness and thus leading to bending. Comparing the deflec-
tions before and after the constrained ageing, though a small difference
in the T-panel's curvature is expected due to the RS redistribution after
CA, negligible difference was observed for both 1.5% CR (i.e. Fig. 12(a))
and 3.0% CR (Fig. 12(b)). The unchanged deflections imply that the RS
relaxation during CA did not leave a large and unbalanced moment on
the cross-sectional area of the T-panel, and thus leading to a minor
change in the T-panel's curvature. Comparing the deflections created
by the cold rolling of 1.5% and 3.0%, larger values, up to 37mm in height,
were observed of the T-panel after CR 3.0% than that, ~30 mm, after CR
1.5%.

Fig. 13 illustrates the hardness distribution (a) cross the web (i.e.
ML) and (b) flange (i.e. SL) thicknesses of T-section panels, where circu-
lar, square and triangle represent the hardness values at WQ,WQ+ CR
and WQ + CR + CA stage, respectively. The average hardness of the
WQed T-panels are 148 HV10 and no obvious trends were observed
both along the ML and SL, which indicates that quenching generated a
homogenous Super Saturated Solid Solution (SSSS) in the structure.
This hardness value is similar to the results from Tanner, et al. [37],
who examined the precipitation evolution for W-temper 7010 during
natural ageing. For the WQ + CR T-sections, an average hardness of
155 HV10 was obtained. The increase in the hardness value is due to
the work hardening effects created by the cold rolling process. Disloca-
tions are expected to be created by CR and the amount of dislocation is
in positive correlationwith the deformation levels, neglecting any static
recovery at room temperature. During rolling, more dislocations were
created near the surface while less dislocations in the core, resulting in
a higher hardness value (i.e. ~160HV10) at the surfacewhile a relatively
Fig. 10. Schematic illustration of the final part after finish machining the T-section panel.
low value (i.e. ~150 HV10) in the centre for the hardness both alongML
and SL. After constrained ageing, over-aged T-panels were obtained
with an average hardness value of ~157 HV10.

In terms of the final hardness values after the whole manufacture
process (i.e. WQ + CR + CA), as shown in Fig. 13(a), a lower hardness
(i.e. ~155 HV10) exsists near the surface, while high hardness values
(i.e. ~163 HV10) exist in the core. This phenomenon indicates that the
near surface precipitation in CA was enhanced by the surface disloca-
tions both generated from the cold rolling and from the stress relaxa-
tion, leading to a more severe over-aged state than that in the core.
There are two reasons for the enhancement:firstly is the coarser precip-
itates formed on and around dislocations. A large amount of dislocations
was formed in the surface region. These dislocations are low energy
sites that are favour for the nucleation and growth of the precipitates.
Given the certain over-ageing time (i.e. 14 h), precipitates were rapidly
formed on dislocations by a competitive growth, absorbing more Zn,
Mg, etc., elements in the Al matrix and resulting in smaller precipitate
quantities while larger precipitate sizes [35] in the surface region.
These larger precipitates reduced the ability to hinder further disloca-
tion movement and thus leading to a decreased hardness near the sur-
face. The second reason is the unevenness of the precipitate
distributions near the surface. The amount of dislocations can alsomod-
ify the precipitate distribution, leaving larger precipitates on disloca-
tions, precipitate free zones near dislocations and smaller precipitates
in the Al bulk matrix. This unevenness in the precipitate distribution
can also reduce the part's hardness near the surface. Based on the un-
derstanding of the dislocation effects on the precipitation process, one
can conclude that the weakest parts (i.e. low hardness and strength re-
gions) of the T-panels should be the place where large residual stress
were initially created by the cold rolling process. This is because high re-
sidual stress region (i.e. Y = 0–2, 22–24 mm in Fig. 6(c)) relaxed more
duringCA (i.e. Fig. 7) and createdmore dislocationsdue to the thermally
activated creep. In addition, the effect of the CR induced plastic defor-
mation should also be considered. Fig. 13(b) gives the hardness distri-
bution along the SL. In terms of the final hardness distribution (i.e.
WQ + CR + CA), as explained and expected, slightly lower hardness
values (i.e. ~160 HV10) were observed in both the surface region and
centre region, which is attributed to the higher residual stresses in
both the surface and the core. In addition, the large plastic deformation
near the surface should also contribute to the lower surface hardness,
but the contribution may not be comparable to that of the residual
stresses, according to Zheng, et al. [35]. From final hardness (i.e. WQ
+ CR+ CA) distributions along ML and SL, though the hardness values
vary and in surface regions are slightly smaller than the standard T74
hardness value (i.e. ~162 HV), they still canmeet the industrial require-
ment, where only the core region will be left for service after the ma-
chine finishing.



Fig. 11. Comparison between the neutron diffraction measured (solid symbols) and the X-ray diffraction measured (hollowed symbols) residual stresses along the (a) middle line and
(b) side line of the T-section panels at WQ, WQ + CR and WQ + CR+ CA stages. The cold rolling level was 1.5%.
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4. FE modelling of the water quenching (WQ), cold rolling (CR) and
constrained ageing (CA) processes

4.1. Material property modelling

In order to build appropriate FE models to simulate the water
quenching, cold rolling and constrained ageing process, two separate
user material (VUMAT) subroutines were employed in the FE simula-
tion, one forWQandCR and the other for CA. The constitutive equations
employed in these two subroutines were established and validated
using uniaxial compression and stress relaxation ageing uniaxial test re-
sults, where the detailed determination of the equations can be found in
[33,38].

The first subroutine's corresponding constitutive equations are
shown in Table 4. This set of equationswere used to predict the RS gen-
eration by quenching and RS reduction by cold rolling. The constitutive
equations have been validated using the uniaxial compressive tests data
at different temperatures (i.e. ranging from 20 to 450 °C) and different
strain rate (i.e. from 0.01 to 1s−1). The detailed explanation of the set
of equations can be found in [33] and a brief explanation of each param-
eters and material constants are given in Table 4.

The constitutive relations incorporated into the subroutine to simu-
late constrained ageing process are given in Table 5. The set of constitu-
tive equations were developed based on the interactions between the
dynamic precipitation hardening and the stress relaxation curves at
each constant strain levels. The pre-strain effects on the strength and
stress relaxation behaviours were also incorporated. The set of material
Fig. 12. Comparison of the surface profiles at each processing
constants list in Table 5 have been calibrated by uniaxial stress relaxa-
tion ageing tests at different initial stresses and post different pre-
strain levels (0–3%). Detailed derivations of these equations and the de-
termination of these material constants can be found in [33].

In the VUMAT, the equivalent stress was initially calculated accord-
ing to the von Mises yield criterion in Eq. (4). While the plastic flow
rule was adopted at the end to split the equivalent plastic strain rate,
_εpeq , to normal and shear strain rates in x, y, z directions, such that
Eq. (5) is satisfied:

σeq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3
2
Sij : Sij

r
ð4Þ

_εcij ¼
3
2

Sij
σ eq

_εceq ð5Þ

where Sij is the stress deviator tensor, σ ij− 1
3σkk, σeq is the equivalent

stress _εceq is the equivalent plastic strain rate and _εcij is the plastic strain
rate tensor.

4.2. Finite Element Model

A half model of the T-section panel was built using ABAQUS CAE
employing symmetry conditions, as illustrated in Fig. 14. 3D 8 noded dif-
fusive heat transfer elements (DC3D8)were employed for theWQ analy-
sis while 3D continuum 8 noded elements with reduced integration
stage. The cold rolling levels were (a) 1.5% and (b) 3.0%.



Fig. 13. The Vickers hardness along the (a)middle line and the (b) side line of the T-section panels atwater-quenched (WQ), cold-rolled (WQ+CR) and constrain-aged (WQ+CR+CA)
stages. The cold rolling level is 1.5%.
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points (C3D8R) were employed for the CR and CA analyses. The element
size was 1.5 × 1.5 × 1.5 mm. Given the T-section dimensions, a total of
100,500 elements were used.

For theWQ FE simulation, a sequentially thermal-mechanical analy-
sis was performed, where the heat generation from plasticity during
quenching is considered negligible. Two types of elements, DC3D8 and
C3D8R, were employed for thermal and mechanical analysis, respec-
tively, during quenching. The abovementioned user-defined subroutine
was used for the mechanical analysis. Both radiation and convection
heat transfer boundary conditions were applied. The analysis was di-
vided into three steps: (i) air cooling (5 s), where the convection heat
transfer coefficient in air was taken to be 10 W/m2K; (ii) lowering pe-
riod (0.8 s), counting from the T-section panel started to contact with
water to fully immersed into water; (iii) water cooling, where the con-
vection heat transfer coefficientwas collected from [38,39]. The temper-
ature of the T-section panel was initially set to 475 °C, which is the SHT
temperature, while the ambient temperature was taken as 20 °C. Other
temperature-dependent thermal parameters, e.g. thermal conductivity,
density and specific heat, were taken from Baldwin et al. [90]. The
quenching direction was set in the transverse direction, as shown in
Fig. 14.
Table 4
Constitutive equations employed in the WQ and CR model's subroutine for as-quenched 7050

Constitutive equations Temperature depend

_εpeq ¼ jσ eq−H−σys

K
j
n1

_ρ ¼ Að1−ρÞj _εpeqj−C1ρ
n2

H ¼ B
ffiffiffi
ρ

p
_εpij ¼

3
2

Sij
σ eq

_εpeq

σij = E(εijT − εijp)

K ¼ K0 ∙ expðQK

RT
Þ;

C1 ¼ C1;0 ∙ expð
−QC1

RT

n1 ¼ n1;0 ∙ expð
Qn1

RT
Þ;

σys ¼ σy0

cosh2ðαkðT−
B ¼ B0

cosh2ðαBðT−T0

E ¼ E0 ∙ expð−QE

RT
Þ;

εeqp : equivalent plastic strain
σeq: equivalent stress
H: hardening parameter
σys: yield stress
K: drag stress
n1: stress exponent
ρ: normalised dislocation density
εijT: total strain tensor
εijp: plastic strain tensor
σij: stress tensor
A, C1, n2, B: material constants
Detailed explanation refer to [25]

QK, QC 1
, Qn1

: activatio
K0, C1, 0, n1, 0, k0, B0,
R: the universal gas
T: temperature
For the FE simulation of CR, two rollers were modelled: one with a
flat surface while the other had a groove in the middle. The dimensions
of the rollers were identical to that of the rollers used in experiments.
The thickness reduction of the T-section panel can be controlled by
adjusting the distance between the two rollers. The rolling angular ve-
locity was taken to be 1 rad/s according to the laboratory conditions.
An assumption was made that the stiffness and strength of the rollers
were sufficiently large so that negligible deformations occurred on the
rollers during CA. Thus an ‘analytical rigid body’ was used for the two
rollers. The CR analysis was divided into two steps: (i) the T-section
panel was pushed toward the roll gap with a constant velocity of
2 mm/s, until contacting the rollers; (ii) the T-section was rolled, and
itsmovement is determined by the friction force provided by the rollers.
The friction coefficient between the rollers and the T-panel was 0.1 [40].
The element type for CR was 3D solid continuum 8 noded with reduced
integration points (C3D8R). The user-defined subroutine, specifically
the stress-strain curve at room temperature, was used in the CR-
model. Due to the relatively small plastic deformation in CR, the heat
generation from plastic deformation was neglected.

For the FE simulation of CA, the deformed configuration of the CR-
model was imported into the constrained ageing model (CR-model).
at different temperatures with different strain rates.

ent constants Material constants

Þ

T0ÞÞ
;

ÞÞ
;

A = 15.62 (−);
n2 = 1.60 (−);
σy0

= 166.12 (MPa);
αk = 4.11e − 3 (°C−1);
K0 = 13.11 (MPa);
QK = 4.11e3 (J/mol);
n1, 0 = 0.69 (−);
C0 = 2.99e5 (s−1);
Qc = 5.88e4 (J/mol);
B0 = 255.00 (MPa);
αB = 3.00e − 3 (°C−1);
E0 = 3.13e4 (MPa);
QE = 795.24 (J/mol);
Qn 1

= 6.81e3 (J/mol);

n energies
αk, αB: material constants
constant



Table 5
Constitutive equations and yield strength evolution expressions employed in the constrained ageing model's subroutine relation for 7050 during constrained ageing with different pre-
strain levels.

Constitutive equations & temperature dependent constants Material constants

_εpeq ¼ Asðσ eq−kσys

σ0
Þ
nð1þ ρÞ

;

σys ¼ σ solute þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2

ppt þ σ2
dis

q
;

_σ r ¼ Cr
_r
m2 ð1−rÞ; σppt ¼ σ r ∙ f

m1 ;

σ solute ¼ Cssð1−Bss f Þm3 ;
σdis ¼ Ads ρ

m4 ;

_r ¼ Arf expð−Qv

RT
Þ þ ac½1− expð−α1rÞ� expð−Qc

RT
Þρmr gðRmax−rÞmr1 ;

_f ¼ Af ∙ð1− f Þ∙_r∙r2;
_ρ ¼ Adð1−ρÞj _εpeqj−Cdρ

m5 ;

Rmax ¼ R max0 ∙ expð−
Qv

RT
Þ; Cd ¼ Cd0 ∙ expð−

Q
RT

Þ; As ¼ As0 ∙ expð−
Q
RT

Þ;

k ¼ k0 ∙ expðQRTÞ

n = 1.75 (−);
m1 = 0.18 (−);
Cr = 1100.00 (h−1);
m2 = 1.00 (−);
Css = 247.00 (MPa);
Bss = 0.60 (−);
m3 = 0.67 (−);
Ads = 95.00 (MPa);
m4 = 0.77 (−);
Ar = 0.04 (h−1);
ac = 1.05e4 (−);
α1 = 25.32 (−);
mr1 = 1.00 (−);
mr = 2.00 (−);
Af = 12.16 (−);
Ad = 37.62 (−);
m5 = 2.58 (−);
As 0 = 0.30 (h−1);
k0 = 4.50e − 4 (−);
Cd0

= 837.21 (h−1);
R max0 ¼ 1170:00 ð−Þ
;
Q = 23.19 (kJ/mol);
Qv = 24.67 (kJ/mol);
Qc = 13.00 (kJ/mol);
σ0 = 1.00 (MPa);
Cd0

= 837.21 (h−1);

_εpeq: equivalent creep strain
σeq: equivalent stress
σys: yield strength
σr: precipitate radius contributed strength
σppt: precipitate contributed strength
σsolute: solid solute contributed strength
σdis: dislocation contributed strength
r: normalised precipitate radius

f : normalised precipitate volume fraction
ρ: normalised dislocation density
As, σ0, n, Cr, m2, m1, m3, etc. are material constants (detailed
explanation refer to [38])

Qv, Q: activation energies relate to precipitate formation and
precipitate-dislocation interaction
R max0 , Cd0

, As0, k0: material constants
R: the universal gas constant
T: temperature
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In addition, the predicted RS and plastic strain values for each ele-
ment were assigned as pre-defined fields to the CA-model. Boundary
conditions were applied to fix the part's displacements in the y co-
ordinate direction during constrained ageing, while the relaxed re-
sidual stresses were calculated using the CA subroutine, detailed in
Table 5. After CA, the fixed displacement boundary condition was
released.

4.3. Prediction of the RS distribution at each stage of the manufacturing
process

The residual stress predictions are compared to the experimental re-
sidual in Fig. 15 along the middle line (ML) (a, d and g) and side line (b,
e, h) and of the T-section panels at each stage of the manufacturing pro-
cess. The black, orange and blue colours in Fig. 15(a, b, d, e, g,
Fig. 14. Illustration of the finite element m
h) represent the RS in x, y and z direction, respectively, where symbols
are experimental results and solid lines are predicted results. As can be
seen, excellent agreement was achieved in all three directions (x, y,
z) at all stages, except for some underestimation of the residual stresses
for WQ T-panel along the SL. The under prediction of the quenched RS
along SL may be attributed to errors in the heat transfer coefficients.
Fig. 15(c), (f) and (i) shows a contour plot of the predicted residual stress
distributions at each processing stage in the rolling direction (i.e. σz) on
the central cross-sectional area. As expected, WQ induced a large tensile
RS in the core and the RS value decreases layer by layer until approaching
the part's surface. For the predictedσzmap of theWQ+CRT-panel, large
tensile σz stresses are present at the surface, while large compressive σz

(i.e. up to −180 MPa) in the core of the flange region. As previously
discussed, this distribution is attributed to the non-uniform plastic defor-
mation created on the surface layer by CR and the previousσzdistribution
esh, symmetry plane and coordinates.



Fig. 15. The experimental (symbols) and predicted (solid line) residual stresses (i.e. σx, σy, σz) along (a), (d), (g) the middle line (ML) and (b), (e), (h) the side line (SL) of the T-section
panels at water quenched (WQ), cold rolled (WQ + CR) and constrained aged (WQ + CR+ CA) stages; (j), (k) schematic illustrations of the ML and SL. (c), (f), (i) The FE predicted σz

distributions at each stage.
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induced byWQ. Detailed explanation has been given in Section 3.2.2 and
Fig. 8. After the T-panel was finally subjected to constrained ageing, the
large surface residual stress and the large core residual stresses,which ini-
tially had magnitudes larger than ~100 MPa, further reduced to within
~100MPa,while those residual stresses, less than ~100MPa, showed little
change. Fig. 15(i) gives the predicted final σz distribution, which is as
expected.
4.4. Prediction of micro-structural internal variables and the yield strength

The final hardness values (i.e. post the whole manufacture process:
WQ + CR + CA) were converted to a yield strength value, σYS, using
the hardness-strength relationships in [41], i.e. Eq. (6)

σYS ¼ 3:756Hv� 188:5 ð6Þ
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whereHv is the Vickers hardness value. The calculated σYS are plotted
together with the predicted yield strength along the ML and SL in
Fig. 16. As illustrated in Fig. 16(a) and (b), though a slight under pre-
diction of the yield strength values (i.e. the predicted average σYS is
~8 MPa lower than the converted σYS) was observed, the predicted
curves still give reasonable trends compared to that of the converted
yield strength values, where lower σYS exist near the surface while
higher σYS are present in the core region. This is attributed to the
large amount of dislocations in the surface region, which signifi-
cantly enhanced the ageing progress, leading to lower surface yield
strengths. Fig. 16(c) shows the predicted yield strength distribution
over the T-cross sectional area. As can be seen, the highest yield
strength (i.e. up to ~418 MPa) are present in the core region, while
the lowest yield strength (i.e. ~377 MPa) are predicted on the
web's surface. As discussed in Section 3.3, the severe over-ageing
area is attributed to the CR and CA induced dislocations.

Fig. 17 illustrates the final distributions of the two internal state var-
iables (i.e. the normalised precipitate radius, r, and normalised precipi-
tate volume fraction, r), calculated from the constitutive equations in
Table 5. Note that the set of constitutive equations were taken from
[38], where the internal state variables were physically based and
have been experimentally validated using the TEM tests. Although
these internal state variables cannot directly represent the precipitate
distributions at a microscopic scale, they are microstructural related
variables that indicate the overall distribution trends of the precipitate
radius and volume fractions. Fig. 17(a) illustrates the predicted normal-
ised precipitate radius,r ¼ r

rpeak
, after CA,where r and rpeak are the current

precipitate radius and the precipitate radius at the peak aged state
(~5 nm [3,42]), respectively. Similar conclusions to the yield stress pre-
dictions can bemade (as shown in Fig. 16), i.e. a severe over-aged region
with larger precipitate sizes exists at the surface. The precipitate size
was around 1.5 times rpeak, which is consistent with the experimental
observations in [35]. Fig. 17(b) presents the predicted normalised pre-

cipitate volume fraction, f ¼ f
f e
, where fe is the equilibrium precipitate

volume fraction at a certain temperature. After the over-ageing treat-
ments, all elements, e.g. Zn, Mg, are expected to be depleted from the
Al matrix, which is also an assumption in the constitutive equations

[38]. Thus, the values of the f at all locations are all around unity, thus
their contributions to thematerial's yield strength are uniform through-
out the part.
Fig. 16. The experimental (symbols) and predicted (solid line) yield strength along the (a)midd
(c) The FE predicted yield strength distribution. Note that the experimental yield strength is ca
4.5. The predicted RS in the rolling direction (σy) and the yield strength
(σys) evolutions during CA

Thepredicted evolution of the residual stress distributions (i.e. in the
rolling direction) and the corresponding yield strength distributions, at
the start (t=0.00 h), peak ageing time (7.63 h), 12.95 h and at the end
(14 h), of CA are shown in Fig. 18. It can be concluded that the most ef-
ficient period for RS reduction during CA is from t = 7.63–12.95 h,
where the majority of the large surface residual stresses (approx. ±
200 MPa) reduce to around ±100 MPa. The residual stress shows little
reduction at t= 0.00–7.00 h, due to the relatively low ageing tempera-
ture (i.e. 120 °C) which is insufficient for significant creep to occur [35].
Similarly, RS hardly reduces from t = 12.95 to 14 h, as the RS magni-
tudes at t = 12.95 h are smaller than the 7050 threshold stress (i.e.
~100 MPa). Therefore, no further reduction in RS can be achieved. In
terms of the predicted yield strength evolution, the yield strength in-
creases from t = 0.00 h (under-age), reaching its peak (i.e. ~555 MPa)
at t = 7.63 h, and then decreases to ~400 MPa at t = 14 h (over-age).
By a detailed examination of the RS and yield strength evolution, it
can be concluded that t= 12.95 h is most appropriate for the CA treat-
ment to produce the T-section panel with targetmaterial properties and
residual stress levels, where most of the T-section contained residual
stresses to within±100MPa, while maintaining a yield strength higher
than 412MPa. However, reducing the ageing timemay affect stress cor-
rosion cracking properties of the final T-panel [26]. Therefore, an exam-
ination on the stress corrosion cracking properties of the T-panel is
necessary, and thus is recommended for future work, to guarantee the
overall property of the final T-panel if the CA time is reduced.
5. Discussion

5.1. RS distribution by CR

It was observed that the residual stresses generated by quenching (a
parabolic profile from −300 MPa to 300 MPa) were completely
reversed by cold rolling with large tensile RS (~±200MPa) at the surface
and compressive RS at the core. At present, industry performs a multi-
step compression technique to reduce residual stresses, where a small-
sized mould is used to sequentially compress the length of the part to
achieve the required plastic deformation. Though cold compression has
le line and (b) side line of the T-section panels after thefinal constrained ageing treatment.
lculated using the hardness-strength formula in [41].



Fig. 17. The predicted (a) normalised precipitate radius and (b) normalised precipitate volume fraction after the constrained ageing treatment.
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shown its effectiveness in significant reducing RS levels to b100 MPa for
simple geometry components, as reported in [11,23,43], multi-step com-
pression causes significant issues. According to the multiple compression
simulations performed by Pan et al. [25] and the on-going issueswith dis-
tortion concerning the aircraft industry, results showed that un-
controllable and non-repeatable RS distributions were induced after
using the multi-step compression technique, mainly due to the overlap
compression regions. Cold-Rolling, in this case, has been found more ef-
fective, controllable and repeatable than conventional multi-step cold
compression for T-section panels, where controllable RS was achieved
by CR anduniformly distributed in the rolling direction. Though large ten-
sile surface RS (i.e. up to 250 MPa) were generated after CR, some
(~100 MPa) of this will be reduced by CA and by final machine finishing.
In the cases examined, a cold rolling level of 1.5% provided themost RS re-
duction. The surface residual stresses were up to 350 MPa after CR to 3%,
while only ~250MPa by CR to 1.5%. Higher cold rolling levels also created
larger deflections in the rolling direction, resulting in smaller radius T-
panels. The largest deflection created by 3% CR was up to 21.5 mm com-
pared to 13.7 mm by 1.5% CR.

5.2. RS distribution by CA

During constrained ageing, creep process further relieve the RS to
within ±100 MPa. The highest RS reduction by CA is up to 53% and on
Fig. 18. The predicted evolution of residual stresses (in the rolling direction) and yield strength
Note that the unit is MPa.
average is around 40%. This is slightly higher than the RS reduction
(~24–36%) by pure ageing reported in literature [13,44,45]. One impor-
tant advantage of CA is that this technique can also be used to correct
the curvature of the component, since bending stresses are applied to
the T-section component, enabling the total stress (i.e. sum of the RS
and bending stresses) to relax. Though no initial bending stresses
were applied to the T-section panel in this work, the experimental and
modelling work of CA presented provides accurate and validated
models thatwill form the basis required for future studies on shape cor-
rection of T-section panel using CA, where both RS and initial bending
stresses are present.

5.3. Strength properties achieved

Hardness values of around ~159 HV10were achieved by this process,
whichwas found to correspond to an average yield strength of 410MPa,
which meets the industrial requirements. This value is around 4% less
than that of conventional manufacturing processes since the CR and
creep strain-induced dislocations promote precipitate nucleation and
growth, which promote the precipitation and result in a relatively
non-uniform and severe over-aged precipitate patterns. The core mate-
rial is stronger (i.e. ~165 HV10) than that (i.e. ~155 HV10) of the surface
material, due to the RS relaxation induced dislocations that caused
over–ageing.
distributions during constrained ageing at t = 0.00, 7.63 (peak strength), 12.95, 14.00 h.
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5.4. Process modelling

Three FEmodelswere developed to predict the residual stress distri-
butions for water quenched, cold rolled and constrained aged T-section
panels, respectively, employing constitutive models previously vali-
dated using uniaxial tensile, compression and stress relaxation ageing
test data. Excellent agreement was achieved between the experimental
and predicted RS results. Additionally, the constrained ageingmodel can
predict the evolution ofmicrostructure and thus yield strength distribu-
tion. The predicted average yield strength was within 2% of the experi-
mental results and the yield strength was found to be relatively high in
the core while slightly lower values near the surface of the component.

The FE simulation results indicate that after constrained ageing,
smaller precipitates (~1.47rc) and higher yield strength (~430MPa)
exist in the core part of the T-section. In contrast, the largest precipitates
(~1.57rc) and smallest yield strength (~375MPa) were located on the
surface of the web. In addition, from the predicted yield strength evolu-
tion during the constrained ageing, it can be concluded that a shorter
constrained ageing time (~13 h) benefits the final production. This age-
ing time is not only sufficient for the RS reduction, where RS all reduced
to within ±100 MPa, but also considers the reduction in the material
strength due to the RS relaxation during ageing, and thus leading to
an overall increase in the final strength of the processed part from
~400 MPa to ~420 MPa.

6. Conclusions

A novel manufacturing process (i.e. quenching, cold rolling and T74
constrained ageing) has been developed that newly enables low resid-
ual stresses (RS) while achieving the required mechanical properties
for 7050. This process has been experimentally demonstrated on
scaled-down T-section components and numerically modelled.
Quenching induced residual stresses (up to 300 MPa) have been suc-
cessfully reduced to within ~100 MPa by the process. Unlike conven-
tional techniques, the cold-rolling process developed results in
uniform plastic deformation along the component, producing repeat-
able and predictable RS distributions, which are relatively uniform in
the core of the component, thus enabling part distortion to be predicted
and controlled. Additionally, the constraint ageing (CA) process devel-
oped further reduced the RS by ~40% and achieves an average hardness
value ~159 HV10, meeting industrial requirements.

An integrated FE model, containing three steps (WQ, CR and CA
model) and incorporating two sets of constitutive equations, was
established and validated by the experimental RS distributions. The CA
model also successfully predicted the yield strength evolution during
CA. Excellent agreements for both RS and yield strength distributions
have been achieved. From CA simulation results, it is suggested that
~13 h CA (i.e. as opposed to 14 h in conventional T74 ageing) provides
sufficient residual stress relaxation without overly sacrificing material
strength of the precipitation-hardened alloy.

The novel methodology and models developed in this work, vali-
dated on a scaled-down T section geometry, provides a tool to simulate
the manufacturing process of very long, complex-shaped industrial
components, such as aircraft panels. The simulations which enable RS
and the yield strength predictions are invaluable for process optimisa-
tion. This novelmethodology provides an improved solution tomitigate
the detrimental problems of part distortion in very long components,
thus can provide great industrial benefits, including higher yield rates
and subsequently reduced financial losses.

CRediT authorship contribution statement

Jing-Hua Zheng: Conceptualization, Data curation, Formal analysis, Soft-
ware, Validation, Visualization, Writing - original draft, Writing - review
& editing. Ran Pan: Data curation, Formal analysis, Software, Visualiza-
tion. Robert C. Wimpory: Data curation, Formal analysis, Resources,
Visualization. Jianguo Lin: Conceptualization, Formal analysis, Funding
acquisition, Resources, Supervision, Writing - review & editing. Chen Li:
Funding acquisition, Resources. Catrin M. Davies: Conceptualization,
Data curation, Formal analysis, Funding acquisition, Resources, Supervi-
sion, Writing - review & editing.
Acknowledgements

The strong support from the Aviation Industry Corporation of China
(AVIC), the First Aircraft Institute (FAI) and International Science & Tech-
nology Cooperation Programme of China (Grant Nos. 2014DFA51250) for
this funded research is much appreciated. The researchwas performed at
theAVIC Centre for Structural Design andManufacture at Imperial College
London. The author would also like to thank the funding support by
EPSRCunder theGrant Agreement EP/R001715/1 on “LightForm: Embed-
ding Materials Engineering in Manufacturing with Light Alloys”,

References

[1] A. Heinz, A. Haszler, C. Keidel, S. Moldenhauer, R. Benedictus, W.S. Miller, Recent de-
velopment in aluminium alloys for aerospace applications, Mater. Sci. Eng. A 280
(2000) 102–107.

[2] I.J. Polmear, 3 - Wrought aluminium alloys, in: I.J. Polmear (Ed.), Light Alloys, fourth
editionButterworth-Heinemann, Oxford 2005, pp. 97–204.

[3] D.A. Tanner, J.S. Robinson, Residual stress prediction and determination in 7010 alu-
minum alloy forgings, Exp. Mech. 40 (1) (2000) 75–82.

[4] J.S. Robinson, T. Pirling, C.E. Truman, T. Panzner, Residual stress relief in the alumin-
ium alloy 7075, Mater. Sci. Technol. 33 (2017) 1765–1775.

[5] J.K. Rai, A. Mishra, U.R.K. Rao, Residual stresses due to quenching process, Interna-
tional Journal of Machine Tool Design and Research 20 (1980) 1–8.

[6] M. Koç, J. Culp, T. Altan, Prediction of residual stresses in quenched aluminum blocks
and their reduction through cold working processes, J. Mater. Process. Technol. 174
(2006) 342–354.

[7] N. Chobaut, D. Carron, S. Arsène, P. Schloth, J.M. Drezet, Quench induced residual
stress prediction in heat treatable 7xxx aluminium alloy thick plates using Gleeble
interrupted quench tests, J. Mater. Process. Technol. 222 (2015) 373–380.

[8] R.R. Nair, R. Natarajan, U.R.K. Rao, Analysis of residual stresses due to quenching
considering microstructural transformations, International Journal of Machine Tool
Design and Research 22 (1982) 309–319.

[9] W.-M. Sim, Challenges of residual stress and part distortion in the civil airframe in-
dustry, Int. J. Microstruct. Mater. Prop. 5 (2010).

[10] Y. Altschuler, T. Kaatz, B. Cina, Mechanical relaxation of residual stresses, ASTM, STP
993 (1988) 19–29.

[11] J.S. Robinson, S. Hossain, C.E. Truman, A.M. Paradowska, D.J. Hughes, R.C. Wimpory,
M.E. Fox, Residual stress in 7449 aluminium alloy forgings, Mater. Sci. Eng. A 527
(2010) 2603–2612.

[12] G.M. Orner, S.A. Kulin, Development of stress relief treatments for high strength al-
uminium alloys, Manlab Inc., Cambridge, 1965.

[13] J.S. Robinson, D.A. Tanner, Residual stress development and relief in high strength
aluminium alloys using standard and retrogression thermal treatments, Mater. Sci.
Technol. 19 (2003) 512–518.

[14] W. Zhang, X. Wang, Y. Hu, S. Wang, Predictive modelling of microstructure changes,
micro-hardness and residual stress inmachining of 304 austenitic stainless steel, Int.
J. Mach. Tools Manuf. 130–131 (2018) 36–48.

[15] F. Valiorgue, J. Rech, H. Hamdi, P. Gilles, J.M. Bergheau, 3D modeling of residual
stresses induced in finish turning of an AISI304L stainless steel, Int. J. Mach. Tools
Manuf. 53 (2012) 77–90.

[16] V. García Navas, O. Gonzalo, I. Bengoetxea, Effect of cutting parameters in the surface
residual stresses generated by turning in AISI 4340 steel, Int. J. Mach. Tools Manuf.
61 (2012) 48–57.

[17] C. Shet, X. Deng, Residual stresses and strains in orthogonal metal cutting, Int. J.
Mach. Tools Manuf. 43 (2003) 573–587.

[18] U.S. Dixit, P.M. Dixit, A study on residual stresses in rolling, Int. J. Mach. Tools Manuf.
37 (1997) 837–853.

[19] J.S. Robinson, D.A. Tanner, S. van Petegem, A. Evans, Influence of quenching and
aging on residual stress in Al–Zn–Mg–Cu alloy 7449, Mater. Sci. Technol. 28
(2012) 420–430.

[20] D.A. Lados, D. Apelian, L. Wang, Minimization of residual stress in heat-treated Al–
Si–Mg cast alloys using uphill quenching: mechanisms and effects on static and dy-
namic properties, Mater. Sci. Eng. A 527 (2010) 3159–3165.

[21] E.C.A. Simencio, L.C.F. Canale, G.E. Totten, Uphill quenching of aluminium: a process
overview, International Heat Treatment and Surface Engineering 5 (2011) 26–30.

[22] D.A. Tanner, J.S. Robinson, Residual stress magnitudes and related properties in
quenched aluminium alloys, Mater. Sci. Technol. 22 (2006) 77–85.

[23] J.S. Robinson, P.J. Tiernan, J.F. Kelleher, Effect of post-quench delay on stress relieving
by cold compression for the aluminium alloy 7050, Mater. Sci. Technol. 31 (2015)
409–417.

[24] Q. Zhang, W. Zhang, Y. Liu, Evaluation and mathematical modeling of asymmetric
tensile and compressive creep in aluminum alloy ZL109, Mater. Sci. Eng. A 628
(2015) 340–349.

http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0005
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0005
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0005
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0010
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0010
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0015
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0015
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0020
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0020
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0025
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0025
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0030
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0030
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0030
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0035
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0035
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0035
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0040
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0040
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0040
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0045
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0045
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0050
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0050
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0055
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0055
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0055
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0060
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0060
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0065
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0065
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0065
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0070
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0070
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0070
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0075
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0075
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0075
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0080
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0080
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0080
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0085
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0085
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0090
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0090
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0095
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0095
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0095
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0100
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0100
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0100
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0105
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0105
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0110
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0110
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0115
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0115
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0115
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0120
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0120
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0120


19J.-H. Zheng et al. / Materials and Design 173 (2019) 107767
[25] R. Pan, Z. Shi, C.M. Davies, C. Li, M. Kaye, J. Lin, An integrated model to predict resid-
ual stress reduction by multiple cold forging operations in extra-large AA7050 T-
section panels, Proceedings of the Institution of Mechanical Engineers, Part B: Jour-
nal of Engineering Manufacture 232 (8) (2016) 1319–1330.

[26] I.J. Polmear, 2 - Physical metallurgy of aluminium alloys, in: I.J. Polmear
(Ed.), Light Alloys, fourth editionButterworth-Heinemann, Oxford 2005,
pp. 29–96.

[27] J. Lin, K.C. Ho, T.A. Dean, An integrated process for modelling of precipitation hard-
ening and springback in creep age-forming, Int. J. Mach. Tools Manuf. 46 (2006)
1266–1270.

[28] Y. Li, Z. Shi, J. Lin, Y.-L. Yang, P. Saillard, R. Said, Effect of machining-induced residual
stress on springback of creep age formed AA2050 plates with asymmetric creep-
ageing behaviour, Int. J. Mach. Tools Manuf. 132 (2018) 113–122.

[29] K.C. Ho, J. Lin, T.A. Dean, Modelling of springback in creep forming thick aluminum
sheets, Int. J. Plast. 20 (2004) 733–751.

[30] J. Ahn, E. He, L. Chen, R.C. Wimpory, J.P. Dear, C.M. Davies, Prediction and measure-
ment of residual stresses and distortions in fibre laser welded Ti-6Al-4V considering
phase transformation, Mater. Des. 115 (2017) 441–457.

[31] G.S. Schajer, Practical Residual Stress Measurement Methods, A John Wiley & Sons,
Ltd., 2013

[32] μ-X360 Portable X-ray Residual Stress Analyzer, https://products4engineers.nl/im-
ages/default/ApaJU1-pdf.pdf (in).

[33] R. Pan, T. Pirling, J. Zheng, J. Lin, C.M. Davies, Quantification of thermal residual
stresses relaxation in AA7xxx aluminium alloy through cold rolling, J. Mater. Pro-
cess. Technol. 264 (2019) 454–468.

[34] J.S. Robinson, D.A. Tanner, C.E. Truman, R.C. Wimpory, Measurement and prediction
of machining induced redistribution of residual stress in the aluminium alloy 7449,
Exp. Mech. 51 (2011) 981–993.
[35] J.-H. Zheng, R. Pan, C. Li, W. Zhang, J. Lin, C.M. Davies, Experimental investigation of
multi-step stress-relaxation-ageing of 7050 aluminium alloy for different pre-
strained conditions, Mater. Sci. Eng. A 710 (2018) 111–120.

[36] W.P. Davey, Precision measurements of the lattice constants of twelve common
metals, Phys. Rev. 25 (1925) 753–761.

[37] D.A. Tanner, J.S. Robinson, Effect of precipitation during quenching on the mechan-
ical properties of the aluminium alloy 7010 in the W-temper, J. Mater. Process.
Technol. 153-154 (2004) 998–1004.

[38] J.-H. Zheng, J. Lin, J. Lee, R. Pan, C. Li, C.M. Davies, A novel constitutive model for
multi-step stress relaxation ageing of a pre-strained 7xxx series alloy, Int. J. Plast.
106 (2018) 31–47.

[39] R. Pan, A novel process for forming T-section components with low residual stresses
in aluminium alloys, Mechanical Engineering, Imperial College London, 2017.

[40] T.A. Stolariski, S. Tobe, Rolling Contacts, John Wiley and Sons Ltd, Bury St Edmunds,
United Kingdom, 2001.

[41] M. Tiryakioğlu, J.S. Robinson, M.A. Salazar-Guapuriche, Y.Y. Zhao, P.D. Eason,
Hardness–strength relationships in the aluminum alloy 7010, Mater. Sci. Eng. A
631 (2015) 196–200.

[42] J.C. Werenskiold, A.Y. Bréchet, Characterization and modeling of precipitation kinet-
ics in an Al–Zn–Mg alloy, Mater. Sci. Eng. A 293 (2000) 267–274.

[43] D.A. Tanner, J.S. Robinson, Modelling stress reduction techniques of cold compres-
sion and stretching in wrought aluminium alloy products, Finite Elem. Anal. Des.
39 (2003) 369–386.

[44] M.S. Younger, K.H. Ecklmeyer, Overcoming Residual Stresses and Machining Distor-
tion in the Production of Aluminum Alloy Satellite Boxes in, United States, 2007.

[45] J.S. Robinson, D.A. Tanner, S.D. Whelan, Retrogression, reaging and residual stresses
in 7010 forgings, Fatigue Fract. Eng. Mater. Struct. 22 (1999) 51–58.

[46] W.M. Baldwin, Residual stresses in metals, 1949 Philadelphia.

http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0125
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0125
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0125
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0125
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0130
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0130
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0130
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0135
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0135
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0135
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0140
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0140
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0140
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0145
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0145
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0150
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0150
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0150
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0155
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0155
https://products4engineers.nl/images/default/ApaJU1-pdf.pdf
https://products4engineers.nl/images/default/ApaJU1-pdf.pdf
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0165
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0165
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0165
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0170
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0170
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0170
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0175
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0175
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0175
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0180
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0180
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0185
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0185
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0185
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0190
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0190
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0190
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0200
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0200
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0210
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0210
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0215
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0215
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0215
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0220
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0220
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0225
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0225
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0225
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0230
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0230
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0235
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0235
http://refhub.elsevier.com/S0264-1275(19)30204-7/rf0500

	A novel manufacturing process and validated predictive model for high-�strength and low-�residual stresses in extra-�large ...
	1. Introduction
	2. Experiments
	2.1. Material, sample geometries and procedures of the manufacturing process
	2.2. Residual stress characterization (Neutron and X-ray tests)
	2.3. Surface profile and hardness testing

	3. Experimental results
	3.1. Surface residual stresses at each stage by the X-ray diffraction technique (cold rolling=1.5% and 3.0%)
	3.2. Through depth residual stresses at each processing stage via neutron diffraction technique (cold rolling=1.5%)
	3.2.1. d0 determination
	3.2.2. Residual stress distributions

	3.3. Deflections and hardness distributions at each stage

	4. FE modelling of the water quenching (WQ), cold rolling (CR) and constrained ageing (CA) processes
	4.1. Material property modelling
	4.2. Finite Element Model
	4.3. Prediction of the RS distribution at each stage of the manufacturing process
	4.4. Prediction of micro-structural internal variables and the yield strength
	4.5. The predicted RS in the rolling direction (σy) and the yield strength (σys) evolutions during CA

	5. Discussion
	5.1. RS distribution by CR
	5.2. RS distribution by CA
	5.3. Strength properties achieved
	5.4. Process modelling

	6. Conclusions
	section24
	Acknowledgements
	References


