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Abstract: To reveal the dislocation evolution law of 7A85 aluminum alloy during the aging process, the influences of aging

temperature and aging time on dislocation density was investigated by X-ray diffraction (XRD) and transmission electron microscopy
(TEM). The results show that the dislocation density is reduced rapidly from 3.59x10" m™ to 0.62x10"* m™ (decreased by 82.7%)
when the aging temperature increases from 80 °C to 160 °C. Similarly, the dislocation density is decreased by 41% with the extension
of aging time, and it tends to a steady value after aging treatment for 12 h. Furthermore, the TEM micrographs indicate that

dislocations tend to form a low-energy dislocation cell and gradually turn into subgrain. Finally, on the basis of the results of XRD

and TEM, the dislocation densities of dislocation entanglement, dislocation cell and subgrain were quantified.
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7A85 aluminum alloy has been widely used in the aviation
and space field due to its superior toughness, good plasticity,
excellent hardenability and stress corrosion resistance!”.
During the deformation and the heat treatment process, the
dislocation density is not only closely related to the plastic
flow behavior™, but also an important factor affecting the
microstructure evolution of the material”®. In recent years,
lots of research results have shown that the evolution of
grains and the release of precipitation phase are directly
affected by the dislocation density and morphological
distribution during the heat treatment™'". Therefore, the
dislocation evolution law needs to reveal to provide a
theoretical basis for predicting the microstructure of the 7A85
aluminum alloy.

XRD line profile analysis has been commonly used to
quantitatively analyze the dislocation density of metal
materials recently’>"”. Takebayashi et al'’ evaluated the
dislocation densities in as-quenched and tempered martensitic
steels with 0.3wt% C by XRD. Meanwhile, Pesicka” et al
investigated the effects of heat treatment on dislocation
density of tempered martensite ferritic steels using TEM and
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XRD, and the yield results of both methods were in good
agreement’”. X-ray profile measurement was also used to
analyze the dislocation glide systems and distribution of
deformed pure aluminum compared with the recovered state

[16]

by Wang'®, and the results were in good agreement with those
obtained by other authors. The XRD line profile analysis for
cold-drawn pearlitic steel wires indicated that the dislocation
density increases sharply with the true strain, as reported by
Yang"”. Therefore, the XRD line profile analysis has been
developed to such an extent that microstructural details, such
as crystallite size distribution, defects density and types can be
extracted from XRD pattern.

In recent years, numerous reports have been published on
the microstructure evolution of 7A85 aluminum alloy during
the hot working process and the heat treatment process'™".
However, there are few investigations on the evolution of
dislocation density during the heat treatment process.
Therefore, the effects of aging treatment process on the
dislocation evolution of 7A85 aluminum alloy were

investigated by XRD and TEM in this work.
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1 Materials and Methods

The nominal composition of 7A85 aluminum alloy is
shown in Table 1. The isothermal compression tests were
carried out on a Gleeble-3800 thermo mechanical simulator at
the temperature of 350 °C with the strain rate of 1 s, and the
true strain was defined as 0.6. The specimens were solution
treated at 470 °C for 4 h. Subsequently, the aging treatment of
the specimens was carried out at 80, 100, 120, 140, 160 °C for
24 h and at 120 °C for 4, 8, 12, 16, 20, 24 h. The microstru-
cture of specimens was observed by a JEM-2010 TEM. The
XRD tests were carried out on a D/max-2500/pc X-ray diffrac-
tometer with a wavelength of 0.154 06 nm, an angle mea-
suring range 26 of 20°~80°, a scanning step length of 0.02°, a
power loading of 200 mA at 40 kV. The XRD samples were
mechanically polished and electro-polished to remove the
stress layer introduced by mechanical grinding and polishing.

2 Results and Discussion

The X-ray diffraction line profile analysis was applied to
evaluate the dislocation density quantitatively during the
aging process. The linear shape A(x) obtained through XRD
experiments can be expressed mathematically by the equation

as follows 2,

W= (02 (0)=] g0 f (rx)dy (M

where g(x) is the geometric broadening profile, which is
measured from the annealed Si specimen without defects; f{x)
is the physical broadening profile resulted from microstructure
defects inside the metal; i(x) and g(x) are both obtained by
XRD measurement.

The corresponding Fourier coefficient A(L) of physical
broadening profile was obtained through the method of
Stocks’ deconvolution™, which can be expressed as two com-
ponents as follows:

A(L)=A(L)A(L) 2
where A"(L) and A°(L) are particle coefficients and strain
coefficients, respectively. According to Wang’s theory"®, A4°(L)
and 4°(L) can be expressed as below.

AP(L) = a — L/D 4 3)

A (L) =exp (-2B.L ~ nB;L*) “4)
where a is the Hook effect constant, L is the specific length
perpendicular to the reflecting planes, D, is the average size
of effective subcrystal, §, and j3, are the Cauthy and Gaussian
breadth of strain broadening profile, respectively. a, D, B, B,
can be gained through Eq.(2) and Eq.(3) by nonlinear fitting.
And the average dislocation density p can be achieved by the
standard curves and procedures described in Ref.[16, 22].

The XRD patterns of 7A85 alloy at different aging
temperatures is illustrated in Fig. 1. According to the above
theory, the dislocation densities are obtained, as shown in

Table 1 Chemical composition of 7A85 aluminum alloy (wt%)

Zn Mg Cu Fe Si Zr Al
7.0~8.0 1.2~1.8 1.3~2.0 <0.08 <0.06 0.08~0.15 Bal.

Fig. 2. It can be clearly seen that the dislocation densities
evaluated by XRD line profile analysis range from 3.59x10"
m” to 0.62x10" m> Dislocation density is continuously
decreased by 82.7% with the increase of aging temperature.
Essentially, the thermal activation energy of the atoms in the
metal improves as the aging temperature grows, which
enhances the ability of dislocation movement™. Thus, part of
the opposite sign dislocations cancel each other out and
rearrange, while part of tangled dislocations re-aggregate and
then gradually transform into subgrain.

The XRD pattern at 120 ° C for different aging time is
shown in Fig. 3 and dislocation densities are obtained as
shown in Fig.4. It can be seen that dislocation density is in the
range of 2.10x10"~3.60x10" m™. Obviously, during the aging
process, dislocation density is decreased by nearly 41% with
the extension of aging time. It can be clearly seen that
dislocation density decreases rapidly at the early stage of
aging process, whereas the dislocation density tends to be a
steady value after aging treatment for 12 h. When the aging
time is prolonged, the dislocation has more time to move,
which promotes the rearrangement and cancellation of
dislocation. In addition, with the increase of aging time, the
precipitation of the second phase is promoted, which can
impede the movement of dislocation.

Fig.5 is the TEM micrographs of the 7A85 aluminum alloy
after aging treatment at 80, 100, 120, 140 and 160 °C for 24 h.
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Fig. 1 XRD patterns of 7A85 aluminum alloy at different aging
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Fig.2 Dislocation density of 7A85 aluminum alloy at different aging

temperatures for 24 h
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Fig.3 XRD patterns of 7A85 aluminum alloy at 120 °C with diffe-

rent aging time
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Fig.4 Dislocation density of 7A85 aluminum alloy at 120 °C for

different aging time

The TEM micrographs show that dislocation climbing and
cross-sliding are the important deformation modes of the
7A85 aluminum alloy with the increase of the aging
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temperature. In terms of mechanism, the dislocations of
opposite sign cancel each other out and rearrange™ >, while
some of the tangled dislocations re-aggregate to substructure,
as shown in Fig. 5a. With the rise of aging temperature, the
motion of dislocations is enhanced. Thus, dislocations
rearrange and tend to form a low-energy dislocation cell
structure, as shown in Fig.5b. As the aging process progresses,
continuously absorb the
dislocations around them and eventually increase the
misorientation of the grain to constitute a low-angle grain
boundary™. At this point, a small amount of the second phase
precipitates. It can be obviously observed that a small amount
of dislocations are pinned by the precipitated phase in the
grains, as shown in Fig. 5c. The mobility of dislocations is
enhanced as the aging temperature rises to 140 °C, making it
easier for dislocations to get rid of precipitates. Therefore, the
dislocation density decreases, as shown in Fig. 5d. A large
amount of dislocations form in the grain due to the slipping of

these dislocation cells will

the grain boundary, and develop into a multilateral structure.
Then these multilateral structures will constantly absorb
surrounding dislocations and eventually evolve into subgrain
boundaries. When the aging temperature rises to 160 °C, the
dislocations are greatly reduced, and a small amount of
dislocations in grains are clustered together by climbing and
cross-sliding movements, as shown in Fig.5e.

Fig. 6 shows the microstructures of the 7A85 aluminum
alloy at 120 °C for different aging time. It can be seen that in
the whole aging process, dislocation density decreases
significantly. At the initial stage of aging, there are a lot of
dislocation tangling in the grains, as shown in Fig.6a. With the
extension of the aging process, dislocations have enough time
to evolve and move towards the grain boundary, as seen in
Fig.6b and 6¢c. Besides, Fig.6d shows that the pinning effect

Fig.5 TEM images of 7A85 aluminum alloy at different aging temperatures for 24 h: (a) 80 °C, (b) 100 °C, (c) 120 °C, (d) 140 °C,

and (e) 160 °C
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Fig.7 Dislocation evolution law of 7A85 aluminum alloy in aging process: (a) dislocation tangle, (b) dislocation cell, (c) subgrain, and (d)

subgrain growth

on the dislocation movement of the precipitated phase is
significant. In brief, after aging treatment, most of the
dislocations are rearranged into low-energy dislocation cells
and gradually turn into subgrains, as can be seen in Fig. 6e
and 6f.

Consequently, the dislocation morphology of 7A8S5
aluminum alloy under aging process changes from dislocation
entanglement to dislocation cell, and gradually turns into
subgrain, as illustrated in Fig.7. Based on XRD and TEM, the
dislocation density of dislocation entanglement state is above
3.0x10"m?, as shown in Fig.5a and 5b and Fig.6a and 6b. As
the time or the temperature increases, the dislocation cell is
formed. Meanwhile, the dislocation density is reduced to
around 2.0x10"m?, according to Fig.5¢c and 5d and Fig.6c~6f.
Finally, the dislocation cell turns into subgrain, which has a
dislocation density below 1.0x10"m?, as shown in Fig.5e.

3 Conclusions

1) The dislocation density of 7A85 aluminum alloy in
different aging treatment processes can be obtained by XRD
line profile analysis. At tmeperature of 120 ° C, with the

extension of aging time from 4 to 24 h, the dislocation density
decreases, ranging from 3.6x10"* m” to 2.1x10"* m?, which is
decreased by 41%. As the aging temperature rises from 80 °C
to 160 ° C, the dislocation density is decreased by 82.7%
within the range of 3.59x10"* m*~0.62x10" m™,

2) The dislocation recovery process is remarkable with the
increase of aging temperature and aging time. During the
aging process, the pinning effect of dislocations on the
precipitates is significant and the dislocation tends to
rearrange into low-energy dislocation cell and gradually turns
into subgrain, which is the main reason why the dislocation
density decreases.

3) The dislocation density of dislocation entanglement,

2

dislocation cell and subgrain is above 3.0x10" m? around

2.0x10" m?, and below 1.0x10" m?, respectively.
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