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Abstract

The stress (from elastic to plastic) and temperature dependence of stress relaxation ageing
(SRA) behaviour of an Al-Zn-Mg alloy, AA7B04-P, has been experimentally investigated in
this study. A series of SRA tests have been carried out under various initial stress levels in both
elastic and plastic regions and at different temperatures. Corresponding microstructural
evolution during SRA has been characterised using transmission electron microscopy (TEM).
It is found that increasing the initial stress and/or temperature enhance the stress relaxation in
both elastic and plastic regions. The dislocation creep mechanism plays the dominant role at
the investigated temperatures during SRA, with the stress exponent n ranging from 3 to 8,
decreasing with increasing temperature. External stresses accelerate the coarsening of GP
zones and n’ precipitates and, when loaded to the plastic region, promote the formation of large
rod-shaped n precipitates within 2 h of SRA tests, due to the high energy sites provided by
dislocations from plastic loading. Yield strength shows a much higher sensitivity to the
temperature than creep strain has during SRA tests. A temperature below 165 <TC is suggested
for SRA of AA7B04-P, so that a high stress relaxation level with less than 15% strength loss

can be obtained after 16 h forming.
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Highlights:

The different SRA behaviour in elastic and plastic regions can be appropriately divided by
0.01% offset stress

e Total relaxed stress increases linearly with initial stress/strain in elastic region

e Dislocation dominated mechanism controls SRA of AA7B04 between 155 and 175 <C

e Plastic loading highly accelerates the formation of large rod-shaped n precipitates

e Yield strength has a higher sensitivity to temperature than creep strain during SRA



1. Introduction

The 7000 series Al-Zn-Mg alloys provide the highest strength of all aluminium alloys, and
are widely used for the structural panels in the aerospace industry, such as the upper wing skins,
stringers and stabilisers [1]. Creep age forming (CAF) process, which integrates the thermally
activated creep deformation and artificial ageing to concurrently form and strengthen
aluminium alloy products, has been reported as an advanced forming technology to
manufacture these large panels [2]. Due to the increasing demand of high performance aircrafts
with low emission, integrally stiffened panels are becoming more and more popular for
aeronautic products, such as upper wing stiffened panels with Al-Zn-Mg alloys reported by
Dursun and Soutis [3], which have higher performance with lower weight when compared with
conventional structures by connecting formed skins and stiffeners through welding or riveting
[4]. Holman [5] has been reported that the conventional large/extra-large skins in the airplanes,
such as wings, can be manufactured by CAF process in the elastic region, and thus, many
studies focused on investigating [6] and modelling [7] the creep-ageing behaviour of
aluminium alloys in the elastic region to guide potential CAF applications. However, Lyu et al.
[8] have reported that it is easy to reach plastic deformation region when the stiffened panels
are loaded to the same shape of skins for CAF manufacture, and the current knowledge and
models developed for creep-ageing in the elastic region may not be able to provide an accurate
prediction of the springback of stiffened panels after CAF. Hence, a comprehensive
understanding of the creep-ageing behaviour under different stress levels in both elastic and

plastic regions becomes necessary for advanced industrial applications of CAF process.

Creep-ageing tests (holding a constant stress at an elevated temperature) is commonly used
to obtain the creep-ageing behaviour of aluminium alloys in the elastic region, due to its low
requirement on the experimental instruments [9]. The creep-ageing behaviour of various heat
treatable aluminium alloys in the elastic region has been widely investigated, such as Al-Cu-
Mg by [10], Al-Zn-Mg by [11] and Al-Cu-Li by [12], and corresponding modelling techniques
have also been developed by [13]. It is generally believed that the stress relaxation during CAF
mainly comes from the thermally activated creep strains [14]. Hence, the developed creep-
ageing models have been widely used to assist the springback prediction of the formed
components after CAF by implementing them into finite element (FE) simulations with
different commercial solvers, such as PAM-STAMP [15] and ABAQUS [16]. However, when

the material is loaded to the plastic region, creep-ageing tests are no longer appropriate to



characterise the creep strain evolutions in the alloy, and stress relaxation ageing (SRA) tests
(holding a constant strain at an elevated temperature) become a more suitable choice.

The stress relaxation behaviour of aluminium alloys at artificial ageing temperatures has
been reported to show a three-stage behaviour, including the initial stage with high stress
relaxation rates, subsequent transition stage and final equilibrium stage [17]. Chen et al. [18]
investigated the stress relaxation behaviour of an Al-Zn-Mg alloy in the elastic region during
CAF and employed the creep stress exponent analysis method to characterise the stress
relaxation mechanisms of the alloy at different stress relaxation stages. The same method has
also been adopted by Zhan et al. [19] for stress relaxation analysis of an AA2219 alloy. Rong
et al. [20] have investigated the SRA behaviour of an Al-Mg-Si alloy (AA6082) in both elastic
and plastic regions, and reported that a much higher level of stress relaxation occurs when
loaded to the plastic region, which cannot be directly explained by conventional creep stress
exponent analysis. A possible reason has been proposed as the decrease of threshold stress in
the material due to the initial dislocations introduced when loaded to the plastic region. Related
studies covering both elastic and plastic loading conditions for SRA behaviour of Al-Zn-Mg

alloys are still not available currently.

In addition to the stress levels, temperature affects the precipitation progress and is a key
factor to determine the stress relaxation and ageing behaviour of aluminium alloys during CAF.
A proper temperature is required to achieve a satisfactory yield strength after ageing, otherwise,
the resultant precipitate types and distributions may be detrimental to the strength of the alloys
[21]. A high temperature can facilitate the creep deformation of the alloys, but too high a
temperature may lead to the tertiary creep stage in a short time, which should be avoided in
CAF applications [22]. Additionally, different temperatures may also introduce different
effects on the SRA behaviour in the elastic and plastic regions. Hence, a thorough
understanding of the stress and temperature dependence of SRA behaviour of Al-Zn-Mg alloys
is important to provide a useful guidance for choosing proper processing parameters for CAF

applications of the alloys.

In this study, the stress and temperature dependence of the SRA behaviour of an Al-Zn-Mg
alloy, AA7B04, has been comprehensively investigated. SRA tests have been carried out under
various initial stress levels in both elastic and plastic regions and at three selected temperatures.
Microstructural observations of some stress relaxation aged samples have been performed

using transmission electron microscopy (TEM), to support the detailed investigation of the



temperature and stress effects on SRA behaviour of the Al-Zn-Mg alloy and the analysis of

corresponding strengthening and deformation mechanisms.
2. Experiments
2.1 Materials and heat treatments

The material used in this study is an Al-Zn-Mg alloy, AA7B04, whose main chemical
composition is Al-5.97Zn-2.48Mg-1.51Cu (wt%). The as-received material is with a special
initial temper, designated as AA7B04-P in this study, which had undergone 1 h solution heat
treatment at 470 <C, water-quenching, 2% pre-stretching and a single step artificial ageing at
115 <C for 8 h, as illustrated in Fig. 1.
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Fig. 1. Thermal history of AA7B04-P material and subsequent SRA and tensile tests.

2.2 Stress relaxation ageing and tensile tests

Dog-bone specimens with a gauge length of 50 mm and radius of 8 mm were machined from
the as-received thick plate. The samples were machined along the direction perpendicular to
its rolling direction for SRA and tensile tests, as the main deformation occurs in this direction
in CAF applications, such as wing skins of aircrafts. SRA tests were carried out at three ageing
temperatures: 155, 165 and 175 <C, which are potential temperatures for CAF of Al-Zn-Mg
alloys [23]. Preliminary tensile tests of AA7B04-P were performed at these three temperatures
to determine the initial stress levels in both elastic and plastic regions for SRA tests. The 0.01%
(00.01%) and 0.2% (o, »9,) Offset yield strengths and corresponding strain values of &, 40, and
£0.295, and Young’s modulus of the material at the test temperatures are listed in Table 1. As
the creep strains generated during CAF are very small, e.g. 0.25% after 20 h creep-ageing of
AA7B04-T651 under 270 MPa at 140 <T [8], 0y.0, Used for engineering applications may

ignore too many plastic strains when considering the small accumulated creep strains. Hence,
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09.019% Was used to divide the elastic and plastic regions of the material during loading in this
study, and based on which, SRA tests were carried out under six initial stress/strain levels at
each temperature, three in the elastic region and three in the plastic region, as listed in Table 2.
In addition, in order to investigate the evolution of yield strength of the material during SRA
tests, interrupted tests with different time durations, including 2, 4, 8 and 16 h, were carried
out, also listed in Table 2. Room temperature tensile tests were performed on all specimens
after SRA tests and the g 0, Value of these tested specimens were calculated to guide further

industrial applications.

Tablel. Main mechanical properties of AA7B04-P material at different temperatures.

Temperature 00.01%/€0.01% 00.20/€0.29% Young’s modulus (E)
155 <€ 355 MPa/0.564% 406 MPa/0.830% 64.8 GPa
165 <€ 325 MPa/0.529% 387 MPa/0.803% 62.5 GPa
175 € 296 MPa/0.478% 369 MPa/0.765% 58.9 GPa

Table 2. Temperature, initial stress/strain level and duration for SRA tests.

Temperature Initial stress/strain levels (MPa/%) Testing time (h)
155 € Elastic: 250/0.386, 300/0.463 and 350/0.540 2,4,8and 16
Plastic: 370/0.591, 390/0.715 and 410/0.940
165 <€ Elastic: 200/0.320, 250/0.400 and 300/0.480 2,4,8and 16
Plastic: 350/0.592, 370/0.663 and 390/0.916
175 € Elastic: 150/0.255, 200/0.340 and 250/0.424 2,4,8and 16

Plastic: 300/0.512, 350/0.667 and 370/0.808

Both SRA and tensile tests were executed on an Instron 5584 machine with an affiliated
furnace which provides the high temperature environment for SRA tests. The temperature
during tests was controlled within + 3 <C. During SRA tests, the specimens were loaded to the
designated strain levels after the required temperature had been achieved, the strain recorded
by an Instron dynamic extensometer 2602-601 was then held constant for a specific time
duration. The subsequent tensile tests were carried out under a quasi-static condition with a

strain rate of 10 s
2.3 Microstructural examination

Selected specimens were examined using TEM to investigate the effect of different stress

and temperature conditions on precipitation behaviour of the alloy. The selected specimens



include the as-received material, the specimens stress relaxation aged (SRAed) for 16 h at
165 <C under different initial stress levels (elastic region: 0, 200 and 300 MPa; plastic region:
370 MPa), and the specimens SRAed for 16 h under 370 MPa at different temperatures (155,
165 and 175 <C). Samples were cut with a low-speed cutting saw, mechanically thinned down
to 100 um. 3 mm diameter discs were then prepared and twin-jet electropolished with a 20%
perchloric acid alcohol solution in methanol maintained at —20 °C and 20 V. The prepared
samples were examined with a FEI Tecnai G2 F20 TEM. The quantified data of precipitates

were obtained by analysing three TEM images from different locations of the same sample.
3. Results

3.1 Stress relaxation behaviour

3.1.1 Stress relaxation curves

The stress relaxation curves of AA7B04-P under the tested initial stress levels and
temperatures are shown in Fig. 2. All the stress relaxation curves under initial stress levels in
both elastic and plastic regions show a similar trend, decreasing sharply at the initial stage, with
a monotonously decreasing speed afterwards, until reaching a comparatively stable level. The
same trend of stress relaxation curves has been widely reported in aluminium alloys [19], which
has been explained by the quick propagation and accumulation of dislocations at the beginning
of stress relaxation, and the equilibrium of accumulation and recovery of dislocations at the
later stage of stress relaxation. However, the stress relaxation levels with initial stresses in the
elastic and plastic regions show different behaviour. When the material is initially loaded in
the elastic region (o;,; < 09019, IN this study), a higher initial stress (o;,;) leads to a larger
remaining stress (o,.) after 16 h stress relaxation tests, while except for the very beginning, an
opposite trend is seen when loaded in the plastic region (o;,; = 0¢ 919, In this study), where a
lower g, value exists for a higher a;,,; level. A similar phenomenon has been reported during
stress relaxation of an Al-Mg-Si alloy [20], although the 0.2% proof stress (g ,¢,) Was used as
the yield point., and the threshold stress for creep of the alloy has been indicated as a key factor
for this phenomenon, as threshold stress may decrease when loaded to the plastic region due to
the high movability of dislocations, and thus leading to the higher relaxed stress levels after the

tests.

Fig. 2(b) shows the temperature effect on stress relaxation behaviour at two selected initial
stress levels: 250 MPa in the elastic region and 370 MPa in the plastic region. It shows that

with the same initial stress level and the same testing time, more stresses are relaxed at higher



temperatures. This is true in both elastic and plastic regions, as a higher temperature provides

more energy for the propagation of dislocations, leading to easier dislocation movements and

higher resultant relaxed stresses [24].
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Fig. 2. Stress relaxation behaviour of AA7B04-P: (a) under different initial stress levels at 155 <€ and
(b) at different temperatures (solid lines: elastically loaded; dashed lines: plastically loaded).

3.1.2 Maximum relaxed stresses

In order to directly compare the stress relaxation level of AA7B04-P at different testing
conditions, Fig. 3 plots the variations of the maximum relaxed stress values after 16 h SRA

tests (Aoyqx = Oini — 0, ) against the normalised applied stress and strain levels. The



normalised applied stress and strain, or the stress ratio R, and strain ratio R,, are defined as the

ratios of the initial values to
Table 1:

Ry = 0ini/00.01%

R; = €ini/€0.01%

the critical values at the 0.01% offset yield condition listed in

1)
(2)

in which &;,,; is the initial strain, &, 10, IS the strain corresponding to 0.01% offset stress. When

R, or R, is larger than 1, the material is loaded in the plastic region defined by ¢, 14,. The line

representing the normalised level of the 0.2% offset stress (ay »9,) is also plotted in Fig. 3.
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Fig 3. Variations of maximum stress drop (AG;qx = Oini — 0r) after 16 h SRA tests under different
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When the yield condition is defined by g, 410, it can be seen from Fig. 3(a) that in the elastic
region, Ao, increases almost linearly with the stress ratio R, and has a similar relationship
for all three test temperatures. Because of the linear correspondences between stress and strain
in the elastic region, a similar phenomenon also exists between Ag,,,,, and R,, as shown in Fig.
3(b). These results indicate a same stress relaxation mechanism of the material in the test
temperature range, which will be discussed in Section 4.2. When loaded to the plastic region,
the linear relationship between Ag,,,, and R, (or R.) no longer exists. Ag,, ., €xperiences a
higher increasing rate with R, in the plastic region than that in the elastic region, as shown in
Fig. 3(a). Meanwhile, Aa,,,, increases with a decreasing rate and tends to achieve a saturate
level with increasing strain ratio in the plastic region, as shown in Fig. 3(b), which is due to the
fact that the applied stress g;,,; cannot increase infinitively and will achieve the highest level at
a specific strain value in the flow stress curve. These phenomena could be explained by the
dislocation evolutions, as the initial dislocations from plastic loading which facilitate stress
relaxation of the material will also reach a saturate level at high plastic strain levels due to the
combined effects of accumulation and recovery [25, 26]. In addition, when loaded to the plastic
region, a higher testing temperature leads to a slightly larger Ao, 4, Value at the same strain
ratio in Fig. 3(b), which is related to the temperature effect on dislocation evolutions and will

be discussed in Section 4.2.

However, if the yield condition is defined by the engineering proof stress oy 0, it can be
seen in Fig. 3 that the consistent linear relationship between Ag,,., and R, (or R,) is lost
beyond o0y 10,. The results indicate that the conventional o, proof stress is not a good
representation of the yield point for stress relaxation behaviour study, as some initial plastic
strains and dislocations have already been introduced when loaded to oy,q, , Whose
contributions to the stress relaxation progress of aluminium alloys cannot be ignored, as

indicated by Fig. 3.
3.1.3 Creep strains

It is known that the stresses relaxed during SRA tests are mainly due to part of elastic strains
in the loaded material being converted to creep strains [9]. Hence, the total strain (&;) in the
material during stress relaxation consists of three parts: elastic strain (&), initial plastic strain

if loaded to the plastic region (&,), and creep strain (&):

& =& & + & 3)
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As the total strain and initial plastic strain are constant during SRA tests, the evolution of

creep strain rate (€.) then can be calculated by the changing elastic strains (&,), as:
o= €=~ (4)

The evolution of creep strains during SRA tests were calculated by integrating Eq. (4) with
respect to time, and corresponding results under different initial stress levels and temperatures
are shown in Fig. 4. A higher applied stress results in a higher creep strain rate, leading to the
larger creep strain values shown in Fig. 4(a). Under the same applied stress level, a higher
temperature leads to larger creep strains after SRA tests. According to Eq. (4), & is
proportional to d. The stress relaxation rate decreases sharply initially, therefore the initial high
level of creep strain rate also decreases sharply at the initial stage, followed by a progressively
decreasing speed, until approaching 0 with a stable remaining stress.
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(b)
Fig. 4. Creep strains during SRA tests of AA7B04-P: (a) under different initial stress levels at 155 <€
and (b) at different temperatures (solid lines: elastically loaded; dashed lines: plastically loaded).

3.2 Age hardening behaviour
3.2.1 Yield strength

Fig. 5 shows the room-temperature yield strength (0.2% proof stress) of AA7B04-P after
SRA tests with different durations, obtained through interrupted tests. As the as-received
AAT7B04-P is in an under-aged condition (artificially aged at 115 <C for 8 h, with a yield
strength of 506 MPa), a subsequent artificial ageing would further strengthen the material. As
shown in Fig. 5(a), the yield strength increases in the first few hours during stress-free ageing
at 165 €€ and appears to achieve the peak-ageing state at around 4 h, with a yield strength of
516 MPa. Further ageing leads to the softening of the material, with a yield strength of 488
MPa at 16 h, indicating the occurrence of over-ageing. When the external stress was applied in
the SRA tests at 165 <€, the softening of the material (decrease of yield strength) is found after
2 h, indicating an accelerated ageing progress under external stresses during SRA tests. In
addition, the loss in yield strength is more prominent under a larger applied stress, as shown in
Fig. 5(a).

The yield strength results of the material after 16 h SRA tests under different initial stress
levels and at different temperatures are plotted in Fig. 5(b). Under the stress-free condition, the
yield strength experiences only a minor decrease with increasing temperature: 5 MPa reduction
when the temperature increases from 155 <C to 175 <C. However, when the external stress is
applied, the yield strength shows a significant decrease after SRA tests with increasing
temperatures from 155 <C to 175 <C, about 90 and 110 MPa reduction under external stresses
of 200 MPa and 370 MPa respectively. The phenomenon is related to the larger creep strains
generated at higher temperatures during SRA tests shown in Fig. 4(b) and will be discussed

later.
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Fig. 5. (a) Evolution of yield strength during SRA tests under indicated initial stress levels at 165 <€;
(b) Yield strength after 16 h SRA tests at different temperatures and initial stress levels (solid

symbols: elastically loaded; hollow symbols: plastically loaded).
3.2.2 Strength loss percentage

A strength loss percentage variable (PA(,y) is defined in this study to quantitatively show the

softening level of the material after SRA tests with different temperatures and initial stress

levels, as:

Oyo—0
PAay = yOToyf (5)

where g, is the yield strength of the as-received AA7B04-P (506 MPa), and g, s represents
the yield strength of the material after SRA tests. Fig. 6 plots the Pyg, results after SRA tests
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in this study. At 155 <C, Py, experiences a slight increase, from 3.5% to 4.9%, when the

applied stress increases from 0 to the yield point (oy910,). When the temperature increases, a

much more significant softening behaviour is observed after SRA tests. At 175 T, the Py,

value increases significantly from 3.9% to 22.8%, when the initial stress increases from 0 to
09.01%- 1 he different softening phenomena observed at different temperatures in the stress-free
and stress ageing conditions in Fig. 6 may be related to the precipitation progress of the material
at different temperatures during SRA and will be discussed in Section 4.1.

5]
(=]

Elastic region Plastic region
175°C

Strength loss percentage (%)

0 0.5 1 1.5
Initial stressratio R,

Fig. 6. Variations of strength loss percentage (PMy) versus initial stress ratios (R; = 0ini/00.01%)
after 16 h SRA at indicated temperatures (solid symbols: elastically loaded; hollow symbols:
plastically loaded).

3.3 Microstructures

Fig. 7 shows the TEM images of the as-received AA7B04-P and the 165 <T/16 h stress-free
aged alloy. In the as-received material, small platelet precipitates are distributed homogenously
within the grains, mainly consisting of GP zones and 1’ precipitates according to the selected
area diffraction (SAD) pattern shown in Fig. 7(a), with an average precipitate radius () of 4.5
+2.3 nm. After 16 h stress-free ageing at 165 <C, the precipitates grow coarser (r;, = 8.9 2.6
nm) and mainly consist of n’ and n phases. Some rod-shaped n precipitates with larger sizes
are also formed, as shown in Fig. 7(b), with an average length (I,.) of 15.7 4.3 nm. These

coarsened precipitates lead to the softening of the alloy, as shown in Fig. 5(a).
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Fig. 7. TEM images and SAD patterns showing the distribution of precipitates in (a) the as-received
and (b) 165 <€€/16 h stress-free aged AA7B04-P.

TEM images of the 165 <C/16 h SRAed AA7B04-P samples under 300 MPa (elastic region)
and 370 MPa (plastic region) are shown in Fig. 8. The precipitate types are the same as those
in the stress-free aged sample in Fig. 7(b), but precipitates with larger sizes are found in the
SRAed samples, as summarised in Table 3. These coarser precipitates then lead to the more
significant softening of the SRAed material than that in the stress-free aged condition, as shown
in Fig. 5(a). In addition, higher initial stress levels lead to coarser precipitates, especially in the
plastic region. For example, about 0.4 nm increase of 7, is observed when the applied stress
increases from 200 to 300 MPa in the elastic region, while the increase becomes 2.5 nm from
300 to 370 MPa in the plastic region, as listed in Table 3. Meanwhile, a higher fraction of much
larger rod-shaped n precipitates has been formed in the SRAed sample when the initial stress

is in the plastic region, as shown in Table 3 and Fig. 8.
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Fig. 8. TEM images with low and high magnifications showing the platelet and rod-shaped
precipitates in 165 €/16 h SRAed AA7B04-P under the initial stress of: (a), (b) 300 MPa; (c), (d) 370
MPa.
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Table 3. Dimensions of precipitates in the samples under different SRA conditions.

Sample As-received Stress relaxation aged for 16 h
Temperature - 165 € 155 € 175 <C
Stress (MPa) - 0 200 300 370 370 370
7, (nm) 45+23 8.9+26 9.8+31 10.2+35 12.7+33 9.88+3.1 13.3+47
L. (nm) - 15.7+4.3 182437 189+42 251+55 248+43 36.7+9.7
PFZ (nm) - 23 26 32 62 52 80

16



Fig. 9 shows representative images taken from the sample after 165 <C/2 h SRA tests under
370 MPa. It is shown that the large rod-shaped n precipitates, which have been found in the 16
h SRAed sample in Fig. 8(d), were already formed after 2 h SRA tests in the plastic region,
while only some small rod-shaped n precipitates are present in the sample under 300 MPa in
the elastic region. Hence, the results indicate that the initial dislocations introduced by plastic
loading can significantly facilitate and accelerate the formation and growth of rod-shaped n

precipitates in the material.

(b)
Fig. 9. TEM images with (a) low and (b) high magnifications showing precipitates distribution in the
165 <C/370 MPa SRAed AA7B04-P for 2 h.

Fig. 10 shows the TEM images of the 16 h/370 MPa SRAed samples at different
temperatures. The measured dimensions of the precipitates in the tested samples are also
summarised in Table 3. After 155 <C/16 h SRA, both n” and n precipitates can be found in the
grains of the material, with a small fraction of rod-shaped n precipitates. Both the precipitate
sizes and distributions are similar to those in the stress-free aged sample at 165 <C shown in
Fig. 7(b), and hence, only a slight difference is shown in the yield strength of the two test
conditions in Fig. 5(b). When the temperature increases to 175 <T, much larger precipitates are
present in the grains of the material in Figs. 10(c) and 10(d). Meanwhile, a wider precipitate
free zone (PFZ) is formed in the samples after SRA tests at a higher temperature, whose width
is about 52, 62 and 80 nm respectively for the 16 h SRAed samples at 155, 165 and 175 <C, as
listed in Table 3.
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Rod-shapedn _

Fig. 10. TEM images showing the platelet and rod-shaped precipitates in 16 h/370 MPa SRAed
AAT7B04-P at the temperature of (a), (b) 155 <C; and (c), (d) 175 <C.

4. Discussion
4.1 Dependence of yield strength on stress and temperature

The vyield strength of heat-treatable aluminium alloys is mainly comprised of its intrinsic
strength and strength contributions from solid solutes, precipitates and dislocations [27].
Growth and coarsening of existing GP zones and n’ precipitates and the formation of
equilibrium n precipitates have been observed after stress-free ageing of AA7B04-P at 165 C
for 16 h, leading to the over-aged behaviour with a decreased precipitation hardening effect.

18



Meanwhile, the solid solution hardening is expected to decrease to a stable level due to the
depleted free solid solutes in the matrix after precipitation. Hence, both effects contribute to an
overall yield strength loss of about 20 MPa compared with the as-received material in Fig. 5(a).

It has been noticed that the external elastic stress applied during SRA tests can accelerate the
growth and coarsening of precipitates due to the creep induced dislocations [28], and leads to
larger precipitates (both platelet ones and rod-shaped ones) in the SRAed material than that
with stress-free aged conditions, as shown in Fig. 7(b) and Fig. 8. Although the creep induced
dislocations could enhance the vyield strength through dislocation hardening effect, the
softening effect from the coarsening of precipitates may play the dominant role during SRA,
and thus leading to the accelerated over-ageing behaviour under higher stress levels in Fig. 5(a)
and the larger loss of yield strength in the over-aged material with a higher applied stress after
165 T/16 h SRA tests in Fig. 6. When loaded in the plastic region, initial dislocations are
introduced into the material, which further accelerates the growth and coarsening of GP zones
and n’ precipitates, as shown in the TEM images in Fig. 8. In addition, it has been reported that
dislocations can provide high energy sites for precipitation [29] and the dislocations introduced
by plastic loading have led to the accelerated formation of much larger rod-shaped n
precipitates in the SRAed AA7BO04-P samples in the plastic region in this study, as
demonstrated in Fig. 8(d) and Fig. 9(b). With the combined effects of accelerated coarsening
of existing )’ precipitates and formation of larger rod-shaped n precipitates in the material from
the initial dislocations introduced by plastic loading, over-ageing behaviour occurs much
earlier during SRA tests and more significant yield strength loss of the over-aged material was

observed in Fig. 6 after 16 h SRA tests in the plastic region than that in the elastic region.

Temperature can directly determines the precipitate types and distributions in aluminium
alloys during artificial ageing [30]. The temperature range investigated in this study is
comparatively small, from 155 to 175 <C, which are potential temperatures for CAF
applications of this alloy, and the precipitate types are not affected by the temperatures used,
as observed in Section 3.3. However, increasing temperature can accelerate the growth and
coarsening of precipitates, and also facilitate the nucleation and growth of heterogeneous
precipitates [31], leading to the larger n’ precipitates with higher fraction of rod-shaped n
precipitates and the larger PFZ zones in the over-aged material after SRA tests, as shown in
Figs. 8 and 9. Meanwhile, higher temperature could facilitate the dislocation recovery process

[28], leading to a lower dislocation hardening effect in the material. Both phenomena contribute
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to the much more significant softening of the material after SRA with the same initial stress

level at higher temperatures, as shown in Fig. 6.
4.2 Dependence of stress relaxation on stress and temperature

It is known that the stress relaxation is generated mainly due to the occurrence of creep
deformation during SRA tests, and thus, the creep mechanisms can be used to analyse the stress
relaxation behaviour [9, 18]. Creep stress exponent n is a parameter commonly used to
characterise the detailed creep mechanisms at the steady-state stage, which can be calculated
by [32]:

__ 0Olnécy
~ dlnc (6)

where €., is the creep strain rate at the steady-state creep stage. The variations of the creep
strain rate data with the changing stresses during SRA tests under different initial stress levels
and temperatures are plotted in Fig. 11, and the n values obtained by the data at the final period
of SRA tests, during which the steady-state creep stage is generally expected (with &, < 10% s
1), are also plotted in the figures. It is well known that a stress exponent n = 4 — 9 generally
indicates the dislocation creep mechanism [18]. The n values obtained under different stress
levels at the three test temperatures are all located in the range of dislocation creep mechanism,
asshowninFig. 11 (n=5-8at 155 C,n=4-6at 165 Tandn=3-4at 175 <C). The same
mechanism controlling stress relaxation at the three test temperatures leads to the similar trend
of maximum stress drop (Ao,,4,) at different temperatures, as shown in Fig. 3. In addition, it
has been reported that a higher temperature can provide more energy for the dislocation
propagation during creep, leading to easier dislocation movements and lower threshold stresses
for creep of the materials [33]. The lower threshold stress of the material at higher temperatures
then lead to the more significant stress relaxation behaviour with larger Ag,,,, values at the

same stress level shown in Figs. 2 and 3.
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Fig. 11. Creep strain rate variations during SRA tests: (a) under different initial stress levels at 155 <C

and (b) under 250 and 370 MPa at different temperatures.

Achieving the highest creep strains for plastic deformation with a minimum loss of yield
strength is an ideal condition for materials after CAF process. The relationship between the
creep strains and the yield strength loss percentage of the material after 16 h SRA tests at the
three test temperatures are plotted in Fig. 12. It can be seen that the creep strains experience
only a slight increase with increasing temperature at a similar loading condition, e.g., creep
strain only increases from 0.250% to 0.255% at the strain ratio R, = 1.1 when the temperature
increases from 155 to 175 <C. However, a significant difference in yield strength loss

percentage is observed at the same conditions, e.g., Pyg, increases from 5.2% to 22.8% for the
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same conditions above. Hence, it is reasonable to conclude that the yield strength has a much
higher sensitivity to the temperatures than the creep strains during SRA tests, and a temperature
below 165 <T is suggested for CAF of AA7B04-P, so that a high stress relaxation level can be

obtained with a strength loss less than 15% after 16 h forming, as indicated in Fig. 12.
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Fig. 12. Relationship between the accumulated creep strains and the yield strength loss percentage in
the material after 16 h SRA tests at indicated temperatures (solid symbols: elastically loaded; hollow

symbols: plastically loaded).

5. Conclusions

The stress and temperature dependence of the SRA behaviour of an Al-Zn-Mg alloy,
AAT7B04-P, has been comprehensively investigated through both SRA and tensile tests at three
temperatures (155, 165 and 175 <C) and under various initial stress levels in both elastic and
plastic regions. TEM observations of some selected samples have also been performed for

detailed analysis and discussion. The following conclusions can be drawn:

a) Initial dislocations generated during loading significantly change the stress relaxation
behaviour of the material. The 0.01% offset stress is shown in this study to be a better and
appropriate choice to divide the elastic and plastic loading conditions for SRA behaviour, with
which a linear relationship between the maximum stress drop after SRA tests and the applied

stress ratio (or strain ratio) exists in the elastic region, irrespectively of test temperatures.

b) Dislocation creep mechanism plays the dominant role in stress relaxation of the alloy at
the investigated stresses and temperatures, with the stress exponent n ranging from 3 to 8. n
value decreases with increasing temperature. In addition, a lower creep threshold stress at a

higher SRA temperature leads to larger stress relaxation levels, e.g., the maximum stress drop
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after 16 h/370 MPa SRA tests increases from 173 to 239 MPa when the temperature increases
from 155 to 175 <C.

c) A more significant loss of yield strength occurs after SRA tests in the plastic region, due
to the combined effect of accelerated growth and coarsening of n’ precipitates from higher
external stresses and formation of large rod-shaped n precipitates by initial dislocations from
plastic loading. Meanwhile, the larger precipitates and wider precipitate free zones in the over-
aged material after SRA tests at higher temperatures lead to more significant yield strength loss.

d) The yield strength has a much higher sensitivity to the temperature during SRA tests than
the creep strain has. For CAF application of AA7B04-P, a processing temperature below
165 <C is recommended, so that large creep strains can be generated with the strength loss less
than 15% after 16 h forming.
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