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Abstract: In order to model the creep aging process of Al-Zn-Mg-Cu aluminum alloy using common temperature-related two-stage

aging, a constitutive framework was proposed considering the creep strain and yield strength. The material parameters involved in

the model were estimated using a simple fitting method from the experimental data. With a simple expression, this model is capable

of handling stress relaxation, hardening response, and variable aging temperature in the creep aging process. It could also be

implemented using finite element analysis software to simulate the creep strain, yield strength, and springback of the component.

The modeling results are consistent with the creep strain curves measured under different applied stresses. The numerical

simulations are compared with the applied experimental data and excellent consistency is observed between them.
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Creep age forming (CAF) is a technique originally developed
for manufacturing large, integrally stiffened lightweight
panels!'!. Moreover, it has immense potential in future large
civil/military aircraft manufacturing industry. Examples of CAF
applications include the upper wing skins of Gulfstream IV/V,
B-1B long-range combat aircraft, and Airbus A330/340/380"*°.
The process combines the creep property of metals and the
aging hardening effect of aluminum alloys”. Generally, the
final shape of the work-piece after springback largely depends
on the stress state at the end of the creep aging process (after
stress relaxation)™®, and the properties of the formed work-piece
depend on the microstructure ¥, However, both the internal
stress state and microstructure constantly change, and even
affect each other mutually. This indicates that, although the
synchronization of the shape and property yields advantages in
terms of the production efficiency, the selectable range of the
process conditions, such as the applied stress and heat treatment
conditions, is also limited. Therefore, the prediction of the
formed shape and material property in CAF (referred to
“shape-property collaborative prediction”), is particularly
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important in formulating the process conditions.

In order to predict springback in creep-forming aluminum
sheet components, integrated numerical techniques were
developed by Ho and Lin et al.”! using physically based creep
constitutive equations'”. Therein, three internal state variables
and a hyperbolic sine function were adopted to model the creep
behaviors, such as strain hardening, stress relaxation, and
tertiary creep softening. Accordingly, Ho et al.”’ developed a set
of modified constitutive equations, which included the
precipitate growth in 7010 aluminum alloy. With the progress in
the research of aging hardening characterization model"*"],
more aging hardening mechanisms have been introduced in the
latest proposed creep constitutive models. For example, Li et
al." established a creep aging constitutive model for 7B04
aluminum alloy in which the size, shape, and volume fraction of
the precipitates were comprehensively considered. Zhan et al.l"”!
recently proposed a set of mechanism-based creep aging
constitutive equations for 7055 aluminum alloy, which modeled
creep induced dislocation hardening, solid solution hardening
and precipitation hardening.
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In our preliminary study™®

modeling the creep aging process, and a few improvements and

, we carried out investigations on

supplements were achieved on the basis of the aforementioned
models. The aging hardening model proposed by Zhu et al."”
was adopted, and the computed results were consistent with the
experimental at constant temperature. Although
simplified and equivalent mathematical equations were used,
the number of material parameters reached 28. Further, the

results

creep aging of aluminum alloy is an extremely complex process,
considering the nucleation, coarsening and distribution of the
precipitates, the age hardening effect, and the influence of
different creep processing technologies. If all the evolution
mechanisms therein are considered, the model will become
extremely complicated with numerous material parameters. This
development tendency may lead to the loss of practical
applicability of the model. Moreover, it is also extremely
difficult to solve simultaneous differential equations with
various unknown parameters. Furthermore, the existing creep
aging constitutive models for Al-Zn-Mg-Cu alloys™'*'">'"1¥],
which are applicable only at constant temperature, cannot be
adapted to the common temperature-related two-stage aging
processes (such as T74 and T76).

The aim of this study is to establish a constitutive model for
the temperature-related two-stage creep aging of Al-Zn-Mg-Cu
alloys. The model can reflect the relationship among the creep
strain, mechanical property, and microstructure in creep aging
process with a simple expression. Further, it can be applied to
a practical approach for
shape-property collaborative prediction in CAF of the
Al-Zn-Mg-Cu alloy components.

1 Constitutive Model

finite element analysis as

Over the common range of aging temperature and time, the
creep process of Al-Zn-Mg-Cu alloys can only undergo primary
creep and the secondary creep, and the damage state variables in
tertiary creep can be ignored. This temperature range (373~453
K) indicates the
Al-Zn-Mg-Cu alloys. This kind of creep mechanism, which

intermediate  temperature creep of
contains both the dislocation proliferation and dynamic
recovery''”), causes a kind of recovery process by which the
hardening cannot be completely eliminated; hence, the creep
strain has no absolute steady state but invariably shows a
downward trend. If the creep of aluminum alloys can be
considered as an activation process, the creep strain rate is

expressed using the Arrhenius equation as follows?"*":

i = drexp(-20) (1)

where R is the gas constant (8.314 J'’K'mol); T is the
temperature; AH is the enthalpy change related to the creep
activation energy; A; is the frequency factor that contains the
entropy of activation, and it is the function of the applied stress
and material structure. Thus, in the creep process of Al-Zn-
Mg-Cu alloys with common aging conditions, the variables

related to the material structure are mainly the dislocation and
the phase transformation. Thus, 4 can be expressed as follows:

A=Asinh[Bo(1-d)/oy] 2)
where o is the applied stress, oy is the room-temperature yield
strength, and 4 and B are material parameters; the variable d,
which describes the dislocation hardening in the primary creep,
is expressed as follows™™:

d=(mlo)1-d/d")é (3)
where m and d" are material parameters. Eq.(3) demonstrates
that the increasing rate of dislocation density slows down
gradually and reaches saturation eventually in the creep
aging process. It is related to the applied stress ¢ and creep
strain rate & .

Thus, the creep aging constitutive equations for Al-Zn-
Mg-Cu alloys can be synthetically expressed as follows:

£ = Asinh[Ba (1 —d)/ay]eXp(ko-7Q )

. . “
d=(ml/o)1-d/d )¢
where A, B, k, m and d " are material parameters.

In Eq. (2), the yield strength of the creep-aged materials at
room temperature, oy, is used as a material structure variable
related to the aging precipitation. On the one hand, it can reflect
the aging hardening effect caused by precipitation, which
directly depends on the change in the microstructure of the
material. Therefore, it is convenient to combine the constitutive
equations with the existing aging hardening models. On the
other hand, the values of o, can be easily obtained from tensile
tests at ambient temperature. Thus, it can be concluded that the
constitutive equation and hardening model are mutually
interrelated to and independent of each other. This is the other
important advantage of this creep aging constitutive model, in
addition to its adaptability to temperature variation. Therefore,
the calculation complexity is significantly reduced as compared
to the case wherein the constitutive equation is not independent
of the aging hardening model. Moreover, Eq. (4) also represents
a boundary condition: the creep strain vanishes identically
without the applied stress (6=0), which indicates a pure aging
process. This boundary condition is important in the CAF of a
component with variable curvatures, such as an integral wing
panel. As the curvatures of such structural components are
continuously variable and mostly small, the corresponding part
almost approaches the pure aging process.

For a single-stage creep aging process at constant
temperature, the creep strain curves of many Al-Zn-Mg-Cu
alloys can be well fitted by Eq. (4), as shown in Fig.1.

2 Experiment

2.1 Experimental procedure

Hot-rolled plates of Al-Zn-Mg-Cu alloy with thickness of 5
mm were used in the experiments, and the chemical compo-
sition is presented in Table 1. The specimens were machined in
the rolling direction and the dimensions are shown in Fig.2. After
being solution treated (743 K for 1 h) and water quenched,
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Fig.1 Single-step creep strain curves of 7055, 70105 and 7B04"*!

aluminum alloys

Table 1 Chemical composition of the Al-Zn-Mg-Cu alloy (wt%)
Zn Mg Cu Fe Si Cr Ti Other Al
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Fig.2 Specimen geometry in creep test

the specimens were maintained in a refrigerated condition to
reduce natural aging. Subsequently, constant-stress uniaxial
creep aging tests were carried out using a universal test
machine with heat equipment. The specimen was fitted and
aligned in the middle of the furnace; when the temperature
became steady in a short time, a load was applied and the
elongation of the specimen was measured. The heat treatment
adopted in the tests was the T76 condition (394 K for 6 h and
thereafter 450 K for 8 h), and the tests were repeated for
different stress levels (180, 200, and 220 MPa). The
room-temperature tensile tests were conducted to obtain the
variation of the yield strength.
2.2 Experimental results and determination of material
constants

Fig.3 shows the measured yield strength variation during
the two-stage creep aging processes at different stress levels.
The lines indicate the fitted results, which will be used in
computing the material constants. Apparent accelerating tran-
sition appears in these yield strength curves at the beginning
of the second stage, because the increasing temperature in the
second stage may accelerate the process of aging precipitation.
Then the yield strength continues to increase and reach the
peak eventually. And clear differences could be observed in
the yield strength of creep-aged samples under different
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Fig.3 Experimental (symbols) and fitted (curves) yield str-
ength variation of two-step creep aging at different

stress levels

stresses: the peak strength is achieved after substantially shorter
aging time for the specimens with higher stress level. When it
comes to the over aged stage, the yield strength decreases due
to the coarsening of precipitates. The variations of the yield
strength can be imported to the constitutive model in the form
of an existing aging hardening model, or simply in the form of
a fitting function of the lines in Fig.3.

Using the variations of yield strength, the material constants
can be determined by fitting the creep strain curves using a
universal global optimization and evolutionary algorithm™>*, as
presented in Table 2. Fig.4 shows the computed values of AH at
the chosen temperatures and stresses. AH increases as temperature
and stress decrease. Moreover, an apparent linear relation appears
between the enthalpy change AH and applied stress o, and AH
varies inversely with the increase in ¢. This is consistent with the
studies of Sherby et al.” and Ueda et al.* on the intermediate
temperature creep. Thus, AH can be expressed as

AH=Q—ko 5)
where Q is the unstressed creep activation energy and k is a
material constant. The values of Q and k can be easily obtained
using the fitted lines in Fig.4, as listed in Table 2.

The calculated and experimental creep strain curves are
compared in Fig.5. It is evident that the calculated results are
almost perfectly consistent with the experimental results, which
indicates that Eq.(4) is suitable for the temperature-related
two-stage creep aging processes. Furthermore, Eq.(4) can also
be applied in temperature-related creep aging processes with
three stages or more, provided that the yield strength curves and
the values of O have been obtained.

Table 2  Values of the material parameters

O/kJ-mol
A/x10°h" B k/mL-mol’ m/x10°MPa  d*

394K 450K
1.02 025 0228 5.66 0.994 88.6 78.8
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Fig.4 Computed values of AH for different stress levels and

temperatures

3 Finite Element Simulation of the CAF Test and
Comparison with Experimental Results

3.1 Finite element model

The constitutive model developed in this paper was
implemented using to the finite element software package
ABAQUS/Standard (version 6.9) via the
subroutine, CREEP. The static implicit integration algorithm

user-defined

was adopted for a better control of the increments. The finite
element model, shown in Fig.6, consists of a stiffened panel and
rigid cylindrical tool surface connected by springs. The target
radius of the formed panel is 1400 mm, and the designed radius
of the rigid tool surface is 820 mm. The plate blank is defined as
Al-Zn-Mg-Cu alloy (Table 1). The thicknesses of the panel and
stiffener are 2 and 5 mm, respectively, and the other dimensions
are shown in Fig.6. A four-node quadrangular thin shell element
was used for the analysis. The material was assumed to be
isotropic, and its Young's modulus, Poisson's ratio, and the
density of the panel were set as 70 GPa, 0.33, and 2.81 g/cm’,
respectively. The simulated external environment of the model
was the autoclave, and the air pressure was evenly distributed
on the outside surface of the panel. The pressure was set as 0.3
MPa, which was sufficient to force the work-piece to acquire a
tool shape. Friction, as a surface interaction property, is related
to the contact pair by specifying a friction coefficient of 0.2 to
simulate the non-lubricated condition. Moreover, the two-stage
aging treatment adopted in the simulation process was the same
as the experimental conditions in Section 2.1.

A four-step scheme was adopted in the finite element model,
as shown in Fig.7. First, a small but sufficient uniform load was
applied to the top of the panel to overcome the stiffness of the
four springs and ensure that the four corners of the panel were
in contact with the tool surface. Second, the uniform pressure
load was applied until the panel was completely in contact with
the tool surface. Third, the loading pressure was maintained to
hold the work-piece on the tool surface for the creep aging
process. Finally, the pressure was removed and the work-piece
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Fig.5 Comparisons of calculated and experimental creep strain of

two-step creep aging at different stress levels
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Fig.7 Loading process in the FE simulation

was allowed to springback.
3.2 Simulation results

Figs.8a and 8b show the creep strain distribution of the
forming component at the end of the first stage (394 K for 6 h)
and second stage (450 K for 8 h) of the creep aging, respectively.
The main creep strain was generated in the second aging stage,
and an apparent difference could be observed in different parts
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Fig.8 Simulated creep strain contours using the same scale: (a) at
the end of the first aging stage (6 h); (b) at the end of the
second aging stage (14 h)

of the component. They can be classified into three
representative parts according to the structural features: the
bended ribs, unbent ribs, and face panel. The creep strain is
distributed mainly in the bended ribs and face panel, and the
maximum area is concentrated at the intersections of the bended
ribs and unbent ribs. Owing to the small deformation stress, tiny
creep strain occurs in the unbent ribs, which could almost be
considered as an artificial aged part. The face panel, which
occupies the largest area in the component, would not reach the
forming requirement if it is only dependent on the creep strain.
This is because the small thickness of the face panel cannot
produce sufficient bending stress for creep. Therefore, the
bended ribs not only play the role of structural strengthening,
but also significantly reduce the springback by generating a
mass of creep strain, and thus facilitate the realization of the
forming goals.

If the field results formed at the end of CAF are treated as the
initial state, the springback prediction can be regarded as a static
equilibrium problem by solving the initial state. The static
implicit algorithm in ABAQUS was used for the calculation of
springback, and the final predicted results indicated that the
bending radius of the tool surface was 1400 mm. The simulated
yield strength distribution nephogram of the formed component
is shown in Fig.9. It is evident that there are some differences in
different parts of the component. The bended ribs have the
highest yield strength, and the maximum value is distributed
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Fig.9 Simulated yield strength contour of the formed component

across the red areas shown in Fig.10. The yield strength of the
face panel is lower but more uniformly distributed. The unbent
rib has the lowest yield strength, approaching the artificial
aging strength.
3.3 Comparisons between the simulation and experimental
results

In order to verify the simulated results, practical CAF
experiments were conducted in the autoclave, and the
photograph of the formed component is shown in Fig. 10. The
shape of the formed component was measured using an ATOS
raster scanner, and the room-temperature tensile tests were
conducted to obtain the yield strength. The corresponding
schematic of the measuring positions is shown in Fig.11. Lines
L1~L6 are the measuring lines to obtain the bending radius of
the component, and zones Z1~Z6 are the representative
sampling positions for the tensile tests: Z1 is in the face panel,
72~74 is in the bended rib, and Z5 and Z6 is in the unbent rib.

The measured results of the bending radius of the formed
component are shown in Fig.12, and the dotted transverse line
in the diagram denotes the target radius of 1400 mm. The
measured results vary slightly because of the shape accuracy of
the unformed panel. However, it can be observed that all the
measured results are distributed close to the target line within a
range of 1395~1406 mm. Hence, the accuracy of the results

Fig.10 Photograph of the formed component
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Fig.11 Schematic of the measuring positions for the shape scan tests

(L1~L6) and tensile tests (Z1~Z6)
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Fig.12 Measured bending radius results of the formed panel, the

dotted transverse line denotes the target radius

640

< 600}

[a )

S 560}

S

%0520 - 4 ]

Z 480t

=

S 440+

>
400}

360}

® Measured results
A Simulated results

o>
»

71 72 73 74 75 76
Measured Zone

Fig.13 Comparison between the measured and simulated yield

strength at different positions of the formed component

predicted via finite element analysis is confirmed. Furthermore,
in Fig.13, the measured yield strength values of the samples cut
from the typical parts are compared with the simulated results.
Obviously, the yield strength in different positions are different
from each other. This is because of the different strained
condition (or the deformation degree) which has an effect on the
strength property in creep aging process’””. The yield strength
values in these positions from the measurement are in agreement

with that from simulation in the range of experimental errors.
4 Conclusions

1) A constitutive framework is developed to model the
two-stage creep aging of Al-Zn-Mg-Cu alloys. This model
considers the hardening effect and stress relaxation during the
creep aging process, and the adaptability to a multistage aging
process with variable temperature.

2) The calculation results are consistent with the two-stage
creep strain curves under different applied stresses; furthermore,
the model could be implemented using finite element software
to simulate the creep strain, yield strength, and springback of
the component. The numerical simulations are compared with
the applied experimental data and excellent consistency is
observed between them.
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