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In the present work, the precipitate compositions and precipitate amounts of these elements (including the size distri-
bution, volume fraction, and inter-precipitate distance) on the Cu-containing 7000 series aluminum alloys (7150 and 7085
Al alloys), are investigated by anomalous small-angle x-ray scattering (ASAXS) at various energies. The scattering inten-
sity of 7150 alloy with T6 aging treatment decreases as the incident x-ray energy approaches the Zn absorption edge from
the lower energy side, while scattering intensity does not show a noticeable energy dependence near the Cu absorption edge.
Similar results are observed in the 7085 alloy in an aging process (120 °C) by employing in-situ ASAXS measurements,
indicating that the precipitate compositions should include Zn element and should not be strongly related to Cu element at
the early stage after 10 min. In the aging process, the precipitate particles with an initial average size of ~ 8 A increase
with aging time at an energy of 9.60 keV, while the increase with a slower rate is observed at an energy of 9.65 keV as near

the Zn absorption edge.
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1. Introduction

Nanoscale precipitates of trace elements play an impor-
tant role in the microstructures and performances in alloys,!!]
and qualitative analyses of precipitate composition and quan-
titative evolution of microstructures become very necessary.
Over the years, a lot of studies have focused on the nanoscale
precipitates of aluminium alloys with different technologies.
Transmission electron microscopy (TEM) and tomographic
atom probe (TCP) can give clear information about the shapes
and sizes of precipitates. However, these two methods have
the disadvantages of the lower statistical analysis and inconve-
nience for the in-situ study in the aging process. Small-angle
x-ray scattering (SAXS) enables the obtaining of many im-
portant parameters of precipitates including particle shape and
length scale, so it has been widely used for characterizing the
nanoscale microstructure of alloys. >/ When SAXS measure-
ments are performed at different energies across the absorption
edge of one of the elements present in the microstructure, we
should give access to information about the composition dif-
ference between the precipitate and matrix in this specific el-
ement. Such measurements are called anomalous small-angle
x-ray scattering (ASAXS), It is sensitive to the anomalous dis-
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persion effect of a specific element.
methods could prove compositive information and comple-

ment each other.
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Alloys in the Al-Zn—-Mg—Cu system (7xxx series) have
been extensively used as high-strength structural materials
such as in the aerospace and automotive industries. The pre-
cipitate characteristics and mechanism have been investigated
to probe the relationship between the precipitates and ap-
plied properties of Al alloy. TEM investigations reported that
smaller clusters were found at 7050 alloy after a short ag-
ing time at 121 °C, while larger precipitates were observed
with increasing aging time.[!') SAXS measurements!®!?] were
carried out on the Al-Zn-Mg—Cu alloy (7150 and 7108.5)
with different aging treatments, showing the evolutions of the
volume fraction and particle size during aging—retrogression—
reaging treatment. SAXS investigations also suggested that
there are two types of particles with different sizes (smaller
Guinier Preston (GP) zone and larger 1’ particles) in 7xxx se-
ries Al alloys aged at temperatures in a range between about
60 °C and 100 °C.["31 Positron annihilation spectroscopy in-
vestigations indicated that the Mg-vacancy, or Zn-vacancy or
Zny-vacancy complex, has a significant effect on GP zone
formation.[!*13] The three-dimensional (3D) atom probe an-

11 indicated that the precipitates of

alyzed by Sha and Cerezo
Zn are accompanied by Mg, while Mg-rich clusters were ob-
served at the early-stage. They have also proposed that smaller
clusters growing into blocky GPI zones at the earliest stages of
aging (< 30 min) would be related to the more Mg elements

in the clusters, while the Zn-rich is a probable reason of some
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smaller clusters becoming elongated and subsequently grow-
ing into platelet i after 30 min. Despite the fact that there
are a lot of previous studies, our understanding of precipita-
tion is still limited, and especially the quantitative information
is lacking at early-stage during the in-situ probing size, den-
sity and chemistry. In this study, we are employing ASAXS to
probe the precipitates on Cu-containing 7000 series aluminum
alloys (7150 and 7085Al alloys), provide more information
about the precipitate compositions for the investigation of the
formation mechanism.

2. Experimental section
2.1. Sample preparation

Two types of 7000 series aluminum alloys (7150 and
7085A1 alloys) were used in this study. A 7150 aluminum al-
loy plate with compositions (mass fraction) of Zn 6.56%, Mg
2.25%, Cu 2.10%, Zr 0.12%, was prepared when the solution
was heat-treated first at 470 °C for 90 min and then 480 °C
for 60 min, cold water quenching, followed by the typical T6
treatment (120 °C for 24 h). A 7085 aluminum alloy plate was
a hot-rolled aluminum alloy plate, with compositions (mass
fraction) of Zn 7.5%, Mg 1.7%, Cu 1.4%, Zr 0.12%, and Al
balance. Specimens of 7085 alloy cut from the alloy plate were
treated by solution at 475 °C for 120 min, cold water quench-
ing, followed by pre-aging at 120 °C for 12 h. Here the solu-
tion treatment was carried out in order to dissolve the second
phase particles (formed during casting and/or rolling) into the
solid solution adequately.

2.2. SAXS measurements

SAXS experiments were performed on the BLI6BI
beamline of Shanghai Synchrotron Radiation Facility (SSRF).
2D SAXS patterns were recorded by Mar165 CCD with a pixel
size of 80 um x 80 um. Prior to the experiments, the speci-
mens were mechanically polished into foils of about 100 um in
thickness. A sample-to-detector distance of ~ 2 m was chosen,
giving access to a range of scattering vector Q [0.15 nm™! ~
3 nm~!]. During the experiments, the beam size was 2 mm
x 1 mm. The temperatures of the specimens were monitored
by using a Linkam thermal stage THMS600 (Linkam Scien-
tific Instruments). In-situ SAXS measurements on 7085 al-
loy were carried out during aging at a temperature of 120 °C.
During the whole heat treatment, the temperature uncertainty
is within £0.2 °C. In the present work, one-dimensional in-
tegrated intensity curves were obtained from 2D SAXS pat-
terns by employing Fit2D software, while SAXS data quanti-
tative data analyses were conducted using the Irena curve fit-
ting package within IGOR Pro.[!%! In the model, a form factor
of spheroid and a structure factor of a type of precipitate were
chosen, and a logarithmic normal size distribution was used to

account for the polydispersity. The mean radius, distance, size
distribution of precipitates, etc. would be obtained.

3. Results and discussion
3.1. ASAXS investigation of precipitate compositions

Figure 1 shows I versus g plots for different energies of
the x-ray beam at the two absorption edges, in the case of the
7150 alloy after aging treatment of T6. In Fig. 1(a), the SAXS
intensity is found to apparently decrease as the incident x-ray
energy approaches the absorption edge of Zn from the lower
energy side. In contrast, as shown in Fig. 1(b), the SAXS
intensity decreases very slightly only when the energy is close
to the absorption edge of Cu. The results clearly indicate that
the copper should not play a significant role in the intensity of
the small angle region due to its uniform distribution, while
the measured SAXS intensity should be related to fluctuation
in the electron density of zinc in 7150 alloy. Similar results
also are observed in 7050 alloy during aging at 121 °C,[!!] in
which 3DAP method shows that the GP zones include mainly
Zn and Mg atoms, while the Cu should have a small amount
of content in the precipitates. It is interesting to note that the
peaks in all SAXS profiles in Figs. 1(a) and 1(b) are almost
all at a value of ~ 0.64 nm~!, which should correspond to a
spatial length scale of the gyration radius R, (~ 2 nm) obtained
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Fig. 1. (color online) Scattered intensities of 7150 alloy after T6 treat-
ment obtained at various energies: below the Zn absorption edge (a) and
close to the Cu absorption edge (b). The inset in panel (b) shows the en-
larged low-q parts of selected SAXS profiles. The solid lines represent
the results fitting to the experimental data.
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by employing a relationship gmax = 3'/2/Rg. The micrographs
of bright-field (BF) TEM for 7150 alloy after T6 treatment
support such a length scale for the precipitates as shown in
Fig. 2.

Fig. 2. Bright-field TEM micrographs for 7150 alloy after T6 treatment.

In each SAXS profile of Fig. 1(a), the fitted curves are
denoted with the red solid lines. The structural parameters are
obtained from fitting at various energies below the Zn absorp-
tion edge as listed in Table 1. It is seen that the mean radius of
precipitate clusters increases with the decrease of energy as it
is close to the Zn absorption edge; while the inter-precipitate
distance decreases. It indicates that the Zn element should
be contained in the precipitate particles, and these particles
would be other elements. It is also suggested that Zn element
is mostly scattered in the precipitate clusters, in other words,
the precipitate cluster cannot be modeled as a typical shell.
The calculated volume fractions of the precipitates in the 7150
Al alloys are in a range of 2% ~ 3%, similar to that reported
in Ref. [5]. Figure 3 shows the calculated distributions of vol-
ume fractions each as a function of precipitate size, obtained
at various energies. The peak values shift with energy decreas-
ing from 1.4 nm obtained at energy of 9.56 keV to 0.9 nm at
9.66 keV. The precipitate sizes range from 0.5 nm to 2.5 nm,
which are consistent with the TEM results shown in Fig. 2.

Table 1. Structural parameters obtained from fitting for 7150 Al alloy after T6 treatment, obtained at various energies below the Zn

absorption edge.

9.56/keV 9.63/keV 9.64/keV 9.65/keV 9.66keV
Mean radius/nm 1.44 1.33 1.29 1.23 1.16
Inter-precipitate distance/nm 5.31 5.26 5.56 5.80 6.84
Volume fraction/% 2.83 2.51 2.48 2.32 2.12
X oal ' ' 056 keV | 3.2. In-situ ASAXS investigation of precipitates
g : —— 9.63 keV
§ - g:g‘é §g¥ Figure 4 shows SAXS profiles at selected energies below
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Fig. 3. Distributions of volume fraction obtained at various energies as
a function of precipitate size for the 7150 alloy after T6 treatment.

and the two profiles gradually approach the separated con-
dition. The results clearly show that the precipitate particles

could contain Zn element.
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Fig. 4. (color online) SAXS profiles obtained at different energies (9.63 keV and 9.65 keV) and different stages (50 min (a), 100 min (b), and 166 min (c))

for the 7085 alloy during aging at 120 °C.
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Figure 5 shows SAXS profiles obtained during aging at a
temperature of 120 °C for 7085 alloy. The incident energy of
9.60 keV is below Zn absorption edge. With increasing aging
time, the scattering intensity distinctly increases in a lower q
region. It is clearly indicated that the alloy has precipitation
during aging at a temperature of 120 °C. Figure 6 shows the
calculated distributions of volume fractions each as a function
of precipitate size, for the alloy aged at various times. The
striking feature is that the standard deviation of the precipitate
size distribution is observed to gradually increase with aging
time increasing. It is initially contracted, and increases by a
factor of two during the aging. This feature could be explained
as the fact that the growth of stable particles is somewhat com-
pensated for by the presence of small particles, because some
small particles dissolving can result in a constant average ra-
dius of the precipitate size distribution. The precipitate size
(radius) ranges from 0.6 nm to 2.6 nm, which is consistent with
TEM result of 7085 alloy obtained after the aging of 233 min
(the inset of Fig. 6).
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Fig. 5. SAXS profiles obtained during aging at a temperature of 120 °C
for 7085 alloy. The incident energy of 9.60 keV is below Zn absorption
edge.
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Fig. 6. Variations of distribution of volume fraction with precipitate size
for the 7085 alloy during aging at 120 °C. The inset shows bright-field
TEM micrograph for 7085 alloy after aging.

In Fig. 7, the variations of the mean radius of precipitate
clusters with aging time obtained at energy of 9.65 keV (solid
circles) and 9.60 keV (solid squares) respectively. For energy
very near the Zn absorption edge, the growth rate of precipitate
clusters is slower than that at an energy of 9.60 keV, suggest-
ing that the precipitate clusters not only contain Zn element,
but also are zinc-rich. A usual precipitation sequence of Al al-
loys (7xxx series) should include the following processes: 7]
1) solid solution; 2) GP zones (GPZs); 3) metastable 1’; 4) sta-
ble (MgZn;). GPZs (GPI and GPII) and i’ often form during
the early stages of precipitation (from quench for up to 1 day).
The three-dimensional atom probe (3DAP) measurements!!!]
suggest that the smaller clusters (Mg-rich) should grow into
blocky GPI at the earliest stages of aging (the first 30 min ag-
ing), while the more Zn-rich small clusters after 30 min aging
would become elongated and subsequently grow into platelet
7n’. The present ASAXS result as shown in Fig. 4 indicates that
the Zn-rich clusters are grown up after about 50 min aging at
120 °C, which is consistent with results in Ref. [11].
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Fig. 7. Variations of precipitate mean radius with aging time, obtained
at energies of 9.65 keV (solid circles) and 9.60 keV (solid squares),
respectively.

4. Conclusions

We investigate Al alloys of 7150 and 7085 at energies
near the Zn and Cu absorption edge using ASAXS. We find
that scattering intensity decreases as the incident x-ray en-
ergy approaches the Zn absorption edge from the lower en-
ergy side, while the scattering intensity does not show a no-
ticeable energy dependence near the Cu absorption edge. The
in-situ ASAXS probing during aging at 120 °C, shows that
the SAXS profile obtained near the Zn absorption can be dis-
tinguished after 50-min aging, which indicates that the more
Zn-rich smaller clusters could be elongated and subsequently

grow into platelet n’ after 50 min.
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