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Abstract. The creep-ageing behaviour of a peak-aged aluminium alloy 7050 was
investigated under different stress levels at 174 °C for up to 8 h. Interrupted creep tests and
tensile tests were performed to investigate the influences of creep-ageing time and applied
stress on yield strength. The mechanical testing results indicate that the material exhibits
an over-ageing behaviour which increases with the applied stress level during creep-ageing.
As creep-ageing time approaches 8 h, the material’s yield strength under different stress
levels gradually converge, which suggests that the difference in mechanical properties under
different stress conditions can be minimised. This feature can be advantageous in creep-age
forming to the formed components such that uniformed mechanical properties across part
area can be achieved. A set of constitutive equations was calibrated using the mechanical
test results and the alloy-specific material constants were obtained. A good agreement is
observed between the experimental and calibrated results.

1. Introduction

Creep-age forming (CAF) is a state-of-the-art metal processing method that combines age hardening
and inelastic deformation. Conventional forming process involving several heat treatments and forming
processes could be merged into the CAF process to greatly reduce the cost. CAF plays a pivotal role
in manufacturing lightweight and large pieces, such as the wing panels of airplanes and aluminium
panels used in aerospace applications. The deformation process in CAF is primarily based on the creep
phenomenon deliberately induced during the age/precipitation hardening process [1].

7000-series aluminium alloys are widely applied in the aerospace industries due to its good strength-
to-weight ratio [2]. The strength of these alloys are generally attributed to the fine and uniformly
dispersed precipitates formed during the artificial ageing process [3]. The precipitation transformation
sequence can be described as [4]:

Solid solution(a) — GP zones — 1 — MgZn, — #-MgZn,.

The 7’ precipitate is the main phase in peak-aged condition (T7 temper) [5]. At this stage, fatigue and
stress corrosion cracking (SCC) resistances of the alloy are very low. The SCC resistance is mainly
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Table 1. Chemical composition of AA7050-T7 (wt%).

Al Zn Mg Cu Fe Si other
Bal. | 6.247 | 2.143 | 2.231 | 0.049 | 0.033 | 0.150
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Figure 1. Heat treatment process of the as-received material and test procedure.

influenced by grain boundary precipitates [6]. To satisfy the requirement of enhanced SCC resistance
for aerospace applications, over-ageing (T8 temper) treatment is normally introduced to transform the #’
precipitate to the # precipitate. This treatment can increase the precipitate size and inter-particle distance
between grain boundary precipitates [7]. Under the over-ageing treatment, the material’s strength usually
decreases by 10 to 15% from peak-aged to over-aged condition [8, 9].

Many constitutive models for CAF have been developed to predict the mechanical properties and
form shape so that a specific strength and part shape can be achieved [10, 11]. Zhan et al. [12] proposed
a set of mechanism-based unified creep-aging constitutive equations to model creep deformation and
the evolutions of precipitate size and dislocation density, which control the amount of age hardening,
solid solution hardening and work hardening during creep-ageing. The model was applied to the creep-
ageing treatment of AA7055 from the as-quenched or T3 to T4 conditions. However, work on contitutive
modelling with respect to creep-ageing properties in the over-aged condition is limited.

The purpose of this research is to investigate both the over-ageing and creep behaviour of AA7050-
T7 via mechanical testing. A set of creep-ageing constitutive equations is presented and calibrated using
the test data. These constitutive equations can be used to predict the creep properties and yield strength
of AA7050-T7.

2. Experimental details
2.1 Material

The material used in this study was AA7050-T7 whose chemical composition is listed in Table 1. The
heat treatment process is illustrated in Fig. 1. The material was first solution heat treated at 477°C for
1 h. It was then subjected to first-step-ageing at 121°C for 8 h and a second-step-ageing at 165°C for 1 h.
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Table 2. Initial values of the material model.

o (MPa) o (MPa) 0 4is (MPa)
300.0 273.4 0.0

Sl
1]

2.2 Experimental procedure

Test specimens were machined from the as-received temper state. Two steps of mechanical testing were
carried out as shown in Fig. 1. The first step is uniaxial creep-ageing test under different stress levels
and ageing times at a constant ageing temperature and the second step is room temperature tensile test
of the creep-aged specimens, which was carried out to determine the creep-age hardening properties of
the material.

Creep-ageing tests were conducted in air with different initial stresses from 0 MPa (pure ageing) to
175 MPa, in the intermediate temperature range of 174°C for 3—8 h. The creep specimens had a diameter
of 8 mm and a gauge length of 36 mm, which complies with the ASTM ES8 standard. The creep strain
was measured using two linear capacitance gauges fitted on the ridges of the samples to measure the
displacement. After creep-ageing, tensile tests were performed at a strain rate of 10~*s~! under room
temperature for the yield strength evolution to be determined.

3. Constitutive modelling
3.1 Constitutive equations

The constitutive equations proposed by Zhan et al. [12] were selected and are presented as Eqs. (1)—
(7). Equation (1) describes the creep strain evolution. Creep strain rate (&.) is a function of applied
stress during creep (o), normalised dislocation density (p) and the material’s yield strength (a,). ¢, is
determined by age hardening (g, ), solid solute hardening (o) and dislocation hardening (a4is), which
are presented in Eqgs. (2)—(5). These hardening effects are influenced by the normalised precipitate size
(7) and p whose rate equations are shown in Eqs. (6) and (7). The 7 is defined as # = r/r. where r. is the
precipitate size at peak-aged condition. The p is defined as p = (p — p;)/pm Where p; is the dislocation
density at the initial state before ageing and p,, is the saturated dislocation density. The growth rate of
normalised precipitate size (7) is related to the dislocation density (p).

These equations are able to model the creep-age hardening behaviour of aluminium alloys from the
as-quenched or T3 to T4 conditions. In order to model the over-ageing behaviour of the present alloy,
initial parameters of the material need to be modified. Table 2 shows the chosen initial values.

& = Aysinh{By[|a|(1 — p) — koo, ]}sign{o) (1)
S @

G4 =Cai" (1 —7) 3)

Ggs = Cy"2(F — 1) “4)

Gas = Ao -n-p" P (5)
F=Cr(Q =" (1+7p0p™) (6)
p=As(1 = p)lec| — C,p™. ()
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Table 3. Constants of the CAF constitutive equations for AA7050-T7 at 174 °C.

A, (D) [ B, MPah) | ko Ca (MPa) | m; | Cyx (MPa) | m, n A, (MPa)
2.082E-5 | 0.04 0.097 25 05 | -1.6 0.806 1.425 | 90
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Figure 2. Experimental (dashed lines) and computed (solid lines) creep-ageing curves for different stress levels at
174°C.

3.2 Determination of material constants

The material constants of the constitutive equations were determined by fitting the experimental creep
curves and yield strengths evolutions. The fitting process can be divided into three stages:

- Stage 1: Determination of the material constants relating to normalised precipitate size and
dislocation density using experimental results on yield strength evolution with time under pure ageing
(0 MPa) and creep-ageing conditions.

- Stage 2: Determination of material constants relating to yield stress using experimental results on
yield strength evolution with time under different stress levels.

- Stage 3: Re-evaluation of all predetermined material parameters according to the experimental
creep data and yield strength data, and optimisation of them in Stage 1-2 to obtain the best-fit results.

4. Result and discussion

The material constants for the constitutive equations determined following the above procedure are
listed in Table 3. Figures 2 and 3 show comparisons of the experimental and computed results. A steady
state creep stage is observed in this alloy under the applied stress of up to 162.5 MPa. Under 175 MPa,
tertiary creep occurred after 4 h of creep-ageing. The creep curve fitting show good agreements at all
stress levels. Under 175 MPa, however, the fitting can only be used to predict creep-ageing behaviour up
to 4 h because of the occurrance of tertiary creep after that, to which the current model is not applicable.

Tensile tests after creep-ageing for different length of time indicate a decrease in the material’s
strength, as shown in Fig. 3. The effect of applied stress during creep and creep-ageing time on the
yield strength can be observed. An increase in the applied stress during creep-ageing accelerates the
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Figure 3. Experimental (symbols) and computed (solid lines) yield stress evolution under different stress levels at
174°C.
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Figure 4. Computed creep-age hardening yield strength at 0 MPa (solid curve) and 162.5 MPa (dashed curve).

decreasing rate of the yield strength, which is a typical over-ageing behaviour. As the creep-ageing time
increases further, the material’s strengths under different stress levels gradually converge.

A detailed prediction for the contributions of yield strength (¢, from solid solution hardening (a,),
dislocation hardening (o,4;5) and age hardening (g 4) are shown in Fig. 4. It can be seen that g is
relatively small in comparison with o, and ¢,4. g, decreases slightly with time because the solid
solution has reached the steady state. o4 is influenced by the over-ageing effect which dominates the
evolution of the material’s yield strength.
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5. Conclusion

The present study provides a better understanding of the over-ageing properties of AA7050-T7. A set of
constitutive equations was calibrated for the alloy-specific material constants to be generated. A good
agreement is observed between the experimental and calibrated results. The experimental work and
constitutive modelling lead to the following conclusions:

e The difference in mechanical properties of AA7050-T7 under different applied stress conditions is
minimised after 8 h. This feature was captured by the model developed in this work.

e In this constitutive model the yield strength of the material takes contributions from solid solution
hardening, dislocation hardening and age hardening. For this over-aged alloy, less age hardening
contribution is the main factor that leads to the reduction in material’s yield strength.

e The combination of the experimental work and constitutive modelling in this study contributes to
better understanding of the alloy’s strengthening mechanisms during the CAF process.

The authors gratefully acknowledge the support from the ESI Group, France, for the provision of research funding,
test materials and specimens.
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