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Abstract. The particle radii of precipitates in the gas induced semi-solid (GISS) cast 7075-T6 Al alloys, for ageing times
ranging from peak ageing to over ageing, were measured by small-angle X-ray scattering (SAXS) technique. The measured
precipitate radii increased with ageing time and temperature, and data were well ﬁt by the Lifshitz–Slyozov–Wagner (LSW)
coarsening process along with a modiﬁed Arrhenius equation for temperature dependency. The activation energy for the
coarsening process was estimated at 1.19 eV, which is close to that of the wrought 7075 Al alloy. This energy is in the range
of activation energies of Zn, Mg and Cu for their diffusion in Al. The precipitate coarsening rate of this alloy appears to be
diffusion limited. The ﬁne precipitates of the GISS 7075-PA Al alloy coarsened slowly at 63 nm3 h−1 rate, at the elevated
200◦ C temperature, while rapid 216 nm3 h−1 coarsening was found in the wrought 7075-T651 Al alloy.
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1. Introduction
Mechanical properties of the wrought 7075 Al alloy are superior to those of other Al alloys. This is a precipitate hardening
alloy [1]. Precipitates of the alloy after ageing have been
analysed to gain understanding of the precipitate hardening
mechanisms. Such information on various wrought 7xxx Al
alloys is available especially on the wrought 7075 Al alloy
[2,3]. Previous work [4] was reported on the peak aged condition of the cast 7075 Al alloy, which was produced by
semi-solid forming process through gas induced semi-solid
(GISS) technique. Precipitates at peak aged and onset hardness plateau times of the alloy were also characterized by
transmission electron microscope (TEM). The tensile strength
of GISS 7075-T6 was found to be comparable to that of some
thixo-formed products but lower than that of wrought 7075T651. However, surprisingly its creep resistance was superior
to wrought 7075-T651 [5]. Hence, it is of interest to study the
behaviour of precipitate coarsening in the GISS processed
7075-T6 Al alloy in order to ﬁgure out the potential for using
this alloy at elevated temperatures and surpassing the properties of the wrought 7075 Al alloy.

This work will further investigate the precipitate evolution
of the alloy aged at 120, 145, 165 and 185◦ C for various times
after peak ageing and onset of hardness plateau times. The
inﬂuence of ageing temperature and time on the precipitate
evolution of the alloy was investigated, mainly by small angle
X-ray scattering (SAXS), to gain a better understanding of the
precipitate coarsening mechanisms in the alloy. Furthermore,
the precipitate coarsening was determined as well, for both
the GISS 7075-T6 PA and the wrought 7075-T651 Al alloy,
at the elevated 200◦ C temperature.
2. Experimental
The semi-solid cast 7075 Al alloy was prepared through
the GISS process, as detailed in the previous work [4]. The
wrought 7075 Al alloy used in the present work was received
as 12.7-mm-thick rolled plates in the T651 condition, to be
used in comparisons. The chemical compositions of the alloys
are shown in table 1 and were determined by optical emission
spectroscopy.
The as-cast plates were cut into small 15 × 50 × 15 mm
samples and subjected to T6 heat treatment. These samples
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Table 1. Chemical composition of the GISS cast 7075-T6 Al
alloy (GISS) and the wrought 7075 Al alloy (wrought) in wt%.
Element
GISS

Zn

Mg

Cu

Fe

Si

Cr

Mn

Al

6.08 2.50 1.93 0.46 0.40 0.19 0.03 Bal.

Wrought 5.92 2.64 1.70 0.19 0.07 0.19 0.04 Bal.

were solution heat treated at 450◦ C for 4 h, quenched in 25◦ C
water, after that artiﬁcially aged at 120, 145, 165 and 185◦ C
beyond the peak ageing time and the onset of the hardness
plateau [4]. The GISS 7075-T6 Al alloy aged after peak age
at 120◦ C for 72 h (GISS-PA), and the as-received wrought
(AR-W) 7075-T651 Al alloy was heated at 200◦ C for 1 h or
for 4 h.
To prepare TEM specimens, each specimen was machined
into a 3-mm diameter rod inserted in wood. This rod was then
sliced into approximately 0.8 mm thick discs using a low
speed diamond saw. Both sides of the discs were mechanically polished with 1200-grit SiC and 5 μm micro-polishing
alumina powder, leaving a 40–60 μm thick sample. These thin
disc specimens were then electropolished in a Tenupol-3 electropolisher, with a solution of 20–25 vol% nitric acid and
80–75 vol% methanol at –15 to –20◦ C and an applied current
of 1.2–1.5 A. Each electropolished specimen was immersed
into methanol for cleaning. The electropolished specimens

were then characterized using a JEM-2010 JEOL TEM at
MTEC.
The SAXS specimens were thin sheets cut from these aged
samples with a 7 mm × 7 mm face and a 50–70 μm thickness.
The proven quantitative analysis of precipitates in Al alloys
by SAXS technique dates back to more than 30 years [6]. This
study used the SAXS beamline of the Siam Photon Laboratory
in the Synchrotron Light Research Institute (SLRI), Suranaree University of Technology, Thailand, which was opened
for users in March 2011, as described in [7,8]. The incident
X-rays had 8–9.5 keV energy and their scattering vector q was
in the range from 0.1 to 2.5 nm−1 , and the sample to detector
distance was 1.2 and 4.5 m.
3. Results and discussion
3.1 TEM micrographs
Figure 1a and b shows representative images of precipitate for
the GISS 7075 Al alloy aged at 120◦ C for 72 h (peak ageing)
and for 132 h (over ageing), respectively. The precipitates at
their peak aged condition were ﬁner and could not be quantiﬁed as mentioned in a previous study by Mahathaninwong
et al [4]. The coarsening of precipitates was obvious when
ageing time was extended to 132 h. Figure 1c shows the precipitate morphology of the specimen aged at 145◦ C for 6 h
with the average diameter being 4.09 nm [4]. The precipitates

Figure 1. TEM micrographs of GISS cast 7075-T6 aged specimens at (a) 120◦ C for 72 h [4], (b) 120◦ C for 132 h,
(c) 145◦ C for 6 h, (d) 145◦ C for 24 h, (e) 145◦ C for 72 h and of (f) as-received wrought 7075-T651 Al alloy.

Precipitate coarsening parameters
became coarser with 24 and 72 h ageing times as shown in
ﬁgure 1d and e, respectively. TEM images of specimens aged
at 165◦ C for 3 h and at 185◦ C for 1 h have been shown in
previous work [4].
It was reported in a previous study [5] that the creep
resistance of GISS cast 7075-T6 Al alloy aged at 120◦ C for
72 h was superior to that of the wrought 7075 Al alloy, when
observed at 200◦ C for stresses in the range 120–180 MPa.
The precipitates of the wrought alloy before creep test are
shown in ﬁgure 1f. Dense and ﬁne precipitates prevailed in
the microstructure of the GISS alloy as seen in ﬁgure 1a.
Moreover, the precipitate size in the alloy is rather uniform. In
contrast, large sized precipitates appeared alongside the ﬁne
precipitates in the microstructure of the wrought Al alloy. No
quantitative analysis of these precipitates has been reported in
prior studies. The quantitative characterization of both these
alloys is investigated here with SAXS.
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Figure 2. Guinier semi-log plots of I vs. q 2 for the 7075-T6 Al
alloy aged at 120◦ C for 72 h (120–72), 100 h (120–100) and 132 h
(120–132); and at 145◦ C for 6 h (145–6), 24 h (145–24) and 72 h
(145–72).

3.2 Small angle X-ray scattering
A SAXS data processing programme, SAXSIT (small angle
X-ray scattering image tool) [9], was used to determine
the Guinier (Gyration) radius (RG ). Following the Guinier
approximation, the scattered intensity can be written as given
in equation (1) [6];
2 2 /3

I (q) = Ie N n 2 e−RG q

(1)

Where I (q) is the relative scattered intensity, Ie is the scattered intensity by one electron, n is the total electron count in
one particle and N the total number of particles in the ﬁeld
the slope m in a
irradiated by X-rays. RG is calculated through
√
Guinier plot of ln I and q 2 , with RG = (−3m). An average
radius (R) of spherical and ellipsoidal precipitate particles
can be estimated as shown below in equation (2);

R=

5
RG .
3

Figure 3. Guinier semi-log plots of I vs. q 2 for the 7075-T6 Al
alloy aged at 165◦ C for 3 h (165–3), 24 h (165–24) and 72 h (165–
72); and at 185◦ C for 1 h (185–1), 3 h (185–3) and 12 h (185–12).

(2)

The scattering curves for the GISS-cast 7075-T6 specimens,
aged in the range of 120–185◦ C temperatures for various
times, are shown in ﬁgures 2 and 3 as semi-log plots of log
I vs. q 2 . The scattering curves for GISS-cast 7075-T6 aged
at 120◦ C for 1 h (GISS-PA) and wrought 7075-T651, heated
at 200◦ C for 1 and 4 h, are shown in ﬁgures 4 and 5. The
observations appear nearly linear over the small angle region.
Therefore, the Guinier radii were calculated from the slopes
observed in the range 0.8 < q∗R < 2 [10], and the average
RG and R are summarized in table 2.
The average precipitate radius of peak aged specimen was
consistent with that of 7150 Al alloy aged at 120◦ C for 24 h
[11], while a ﬁner 2.13 nm precipitate radius has been reported
for the wrought 7075 Al alloy aged at 120◦ C for 72 h [2].
At each ageing temperature the average precipitate radius
increased signiﬁcantly with observed ageing times up to 72 h

Figure 4. Guinier semi-log plots of I vs. q 2 for the 7075-T6 Al
alloy aged at 120◦ C for 72 h (GISS-PA) and for as-received wrought
7075-T651 Al alloy (AR-W).
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Figure 5. Guinier semi-log plots of I vs. q 2 for the 7075-T6 PA
heating at 200◦ C for 1 h (GISS-PA-200-1) and 4 h (GISS-PA-200-1)
and as-received wrought 7075 Al alloy heating at 200◦ C for 1 h (ARW-200-1) and 4 h (AR-W-200-4).

Table 2. The average Guinier radii and estimated precipitate
radii of the GISS cast 7075-T6 and wrought 7075-T651 Al alloy
for various conditions as determined from the SAXS curves.
Ageing treatments
120◦ C/72 h (120–72)
120◦ C/100 h (120–100)
120◦ C/132 h (120–132)
145◦ C/6 h (145–6)
145◦ C/24 h (145–24)
145◦ C/72 h (145–72)
165◦ C/3 h (165 − 3)
165◦ C/24 h (165–24)
165◦ C/72 h (165–72)
185◦ C/1 h (185–1)
185◦ C/3 h (185–3)
185◦ C/12 h (185–12)
GISS-PA-200-1
GISS-PA-200-4
AR-W
AR-W-200-1
AR-W-200-4

RG (nm)

R (nm)

2.09 ± 0.16
2.12 ± 0.18
2.22 ± 0.19
2.29 ± 0.18
2.68 ± 0.05
3.28 ± 0.07
2.98 ± 0.04
3.62 ± 0.16
4.07 ± 0.38
3.22 ± 0.02
3.85 ± 0.17
4.03 ± 0.56
3.35 ± 0.47
5.00 ± 0.92
3.1 ± 0.31
4.96 ± 0.84
7.55 ± 2.10

2.50 ± 0.21
2.52 ± 0.23
2.69 ± 0.25
2.80 ± 0.24
3.46 ± 0.06
4.31 ± 0.09
3.91 ± 0.06
4.91 ± 0.2
5.66 ± 0.49
4.17 ± 0.02
5.20 ± 0.21
5.85 ± 0.76
4.32 ± 0.61
6.46 ± 1.19
4.00 ± 0.40
6.41 ± 1.09
9.75 ± 2.72

and similarly the radii consistently increased with the ageing temperature. The obtained average precipitate radii from
SAXS measurements are known to be closely similar to those
determined from TEM images [4].
However, the scattering intensity of GISS-cast 7075-T6
aged at 120◦ C for 72 h (GISS-PA) in ﬁgure 4 was lower than
that of the AR-W 7075-T651 Al alloy at lower scattering vectors. Deschamps et al [10] and Liu et al [11] propose that the
scattered intensity is higher due to the larger mean radius of
precipitates. The average precipitate radii of 4.00 nm for the
wrought as-received 7075-T651 Al alloy is larger than that

of the GISS cast 7075-T6 Al alloy aged at 120◦ C for 72 h
(GISS-PA).
Figure 5 shows the scattering curves for the GISS-cast
7075-T6 aged at 120◦ C for 72 h (GISS-PA) and wrought
7075-T651 Al alloy, held at 200◦ C for 1 and 4 h. The average
precipitate radius in the wrought alloy clearly increased to
6.41 nm when held for 1 h at 200◦ C and increased further
to 9.75 nm when held for 4 h. In the case of GISS-PA alloy,
the precipitate size also increased from 2.50 to 4.32 nm when
held at 200◦ C for 1 h. With the holding time further increased
to 4 h, the precipitate size grew to 6.46 nm. These results
demonstrate that the precipitates in the microstructure of the
wrought alloy are coarser than those in the GISS-PA alloy,
at 200◦ C and that the wrought alloy experiences softening at
elevated temperatures [2].
3.3 Precipitate coarsening
An increasing average precipitate radius with ageing time
is termed a coarsening process. Our measurements of the
average precipitate radii show coarsening of the precipitates with ageing that increased with temperature, consistent
with the investigation of Du et al [2]. The coarsening of
Al-Zn-Mg-(Cu) alloys has been well ﬁt with the Lifshitz–
Slyozov–Wangner (LSW) model [2,3,10–12]. This model has
a linear relationship between particle volume and ageing time
(t), so that the precipitate radius (R) evolves as given below
in equation (3)
R 3 − R03 = K t,

(3)

where K is the growth co-efﬁcient. Figure 6 shows plots of
R 3 vs. ageing time at 120, 145, 165 and 185◦ C, displaying
nearly linear relationships of R 3 to ageing time. The linearity corroborates the LSW model for our observed coarsening
process. The growth coefﬁcients determined from the slopes
approximately follow a modiﬁed Arrhenius type temperature dependency as shown in ﬁgure 7. By extrapolation, the

Figure 6. Plots of R 3 vs. ageing time for 120, 145, 165 and 185◦ C
show reasonably good ﬁt of linear volume growth models to our
data.

Precipitate coarsening parameters

Figure 7. A plot ln(KT) vs. ageing 1/T is nearly linear displaying a
modiﬁed Arrhenius type temperature dependency for the coarsening
rates.

coarsening rate of precipitates in GISS 7075-T6 Al alloy is
expected to increase with the ageing temperature also beyond
our experimental range and the rates could be predicted from
the approximations ﬁt to our data.
The modiﬁed Arrhenius equation for the growth coefﬁcient
K in explicit form is
K =



Q
c
,
exp
T
kB T

(4)

where T is the ageing temperature and c is a constant that
depends on the precipitate-matrix interfacial energy, the average atomic volume, the equilibrium solute concentration and
the solute diffusion coefﬁcient [13]. The theoretical derivation assumes that the changes in concentration and interfacial
energy are negligible.
The activation energy Q in equation (4), for the precipitate
coarsening of GISS 7075-T6 Al alloy, was estimated from
our data as only 1.19 eV (114 kJ mol−1 ), which is close to
the 1.22 eV of wrought 7075 Al alloy [2]. This activation
energy is within the range 1.17–1.47 eV of activation energies for the diffusion of Cu, Mg and Zn in Al [3,14]. The
existence of an η phase in the specimens aged at 120◦ C for
the peak ageing time and at 145, 165 and 185◦ C for the onset
of hardness plateau time has been known [4]. The current
study conﬁrmed that the η phase coarsens and transforms
to the η stable phase by diffusion at long ageing times. The
result also suggested that the coarsening mechanism of η
phase is controlled by volume diffusion and there is no interaction among the η phase particles corresponding to the LSW
theory.
In addition, the coarsening dynamics of the GISS 7075-T6
Al alloy appear rather similar to the wrought 7075 Al alloy,
based on similar activation energies and precipitate particle
sizes determined in the current study. As regards precipitate coarsening at the elevated 200◦ C temperature, the GISS
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Figure 8. Plot R 3 vs. holding time at 200◦ C for GISS cast 7075-PA
(GISS) and wrought 7075 Al alloy (wrought).

7075-PA Al alloy was compared with the wrought 7075T651 Al alloy. R 3 vs. ageing time at 200◦ C is plotted for
both alloys in ﬁgure 8. The precipitate coarsening of both
alloys at 200◦ C is consistent with the LSW theory as the
relationship of R 3 and ageing time appears linear. However,
the 63 nm3 h−1 coarsening rate of the GISS 7075-PA Al alloy
is about three-fold less than that of the wrought 7075-T651 Al
alloy (216 nm3 h−1 ). The results imply that the precipitates in
the microstructure of the wrought alloy are coarser than those
in the GISS-T6 PA alloy, at 200◦ C, and that the wrought alloy
is softened at elevated temperatures [5].

4. Conclusions
The SAXS measurements available at the Siam Photon
Laboratory, the SLRI, Thailand, were used to estimate the
precipitate particle sizes of the GISS cast 7075-T6 Al alloy.
The coarsening of precipitates across ageing temperatures
in the range from 120 to 185◦ C were well ﬁt by an LSW
model for times beyond the peak ageing and the onset of
hardness plateau. The 1.19 eV activation energy estimated
for the studied alloy suggests that the precipitate coarsening
is rate limited by diffusion and close to that of wrought 7075
Al alloys. However, the coarsening rate of ﬁne precipitates
in the GISS 7075-PA Al alloy is 63 nm3 h−1 at a temperature of 200◦ C, which is about three-fold less than that of
the wrought 7075-T651 Al alloy (216 nm3 h−1 ). This suggests that the GISS sample could be preferable at elevated
temperatures.
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