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A B S T R A C T

This study investigated the effects of 0.25% (mass ratio) Sc addition on the microstructure and mechanical
properties of 7055 alloy during aging. Sc addition induced a grain boundary effect, which refined the grains of
the 7055 alloy. Sc addition also increased the precipitation nucleation efficiency and promoted the uniform
precipitation of the η′ phase of 7055 alloy during aging. Compared with pure 7055 alloy, 7055 alloy with Sc
exhibited improved hardness, tensile strength, ductility, and thermal stability. This improvement was attributed
to the finer size, higher density, more uniformly distributed η′ phase, less η phase, and finer Al grains of 7055
alloy with Sc compared with those of 7055 alloy without Sc.

1. Introduction

Al–Zn–Mg–Cu series (7xxx) alloys are widely used in the aeronautics
and astronautics industries because of their ultra-high strength and
fracture toughness [1–5]. Recent advancements of aerospace technol-
ogies have required the fabrication of 7xxx alloys with better me-
chanical properties and thermal stability.

These 7xxx alloys typically refer to age-hardened Al alloys, and the
mechanical properties of these alloys are mainly determined by pre-
cipitation characteristics, such as composition, size, and distribution
[6–9]. Thus, the mechanical properties of the 7xxx alloys can be ef-
fectively improved by developing strategies for controlling precipita-
tion.

Numerous studies have investigated the effects of Sc and Zr on the
microstructure and mechanical properties of 7xxx alloys [10–12]. The
primary Al3(Sc,Zr) phase can serve as a heterogeneous nucleation site
for Al grains during solidification, leading to grain refinement in 7xxx
alloys [10]. Moreover, Al3(Sc,Zr) precipitates obtained by homo-
genization can inhibit the recrystallization and grain coarsening that
occur during subsequent deformations and heat treatments because of
the grain boundary (GB) pinning effect induced by the Al3(Sc,Zr) phase
[13–16]. Therefore, compared with conventional 7xxx alloys, 7xxx al-
loys with Sc and Zr exhibit improved mechanical properties due to the
grain refinements. However, limited studies have explored the effects of

Sc and Zr additions on the precipitation behavior of 7xxx alloys during
artificial aging.

Chen et al. [13,14] and Jiang et al. [15,16] recently found that a
minor addition of the rare earth element Sc into an Al–Cu alloy affected
the precipitation behavior of the alloy during artificial aging. The Sc
atoms segregated at the θ′ matrix interfaces and inhibited the growth of
the θ′ phase or the transformation of the θ′ phase into θ phase. Com-
pared with the Al–Cu alloy, the Al–Cu–Sc alloy exhibited higher
strength under similar aging conditions because of the higher pre-
cipitation strengthening of the latter. Therefore, Sc addition is expected
to optimize the precipitation behavior of 7xxx alloys.

In this study, 7055 and 7055 with 0.25% (mass ratio) Sc
(7055–0.25Sc) alloys were artificially aged at 120 °C for different times
to understand the effects of minor Sc addition on the precipitation
behavior and resultant mechanical properties of 7xxx alloys. In addi-
tion, a higher aging temperature of 150 °C was implemented to examine
the effect of Sc addition on the thermal stability of 7xxx alloys.

2. Experimental methods

Rolled 7055 and 7055–0.25Sc alloy sheets (rolling temperature was
470 °C, and rolling reduction was 70%) were used as raw materials. The
chemical compositions of these two alloys are presented in Table 1. The
sheets were subjected to solution treatment at 470 °C for 2 h, water
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quenched, and then aged at 120 °C and 150 °C from 1 h to 72 h.
The microstructures of the alloys were examined by optical micro-

scopy (OM) and transmission electron microscopy (TEM). Prior to TEM
analysis, the films were grinded to a thickness of 50 µm and then
thinned with a twinjet electropolishing device. Hardness was measured
with a Vickers microhardness tester. The tensile tests were conducted
on an Instron-3369-type testing machine at a strain rate of 4 × 10–4

s−1. The tensile specimens were machined parallel to the rolling di-
rection. Fig. 1 shows the dimensions and shape of the tensile specimens.

3. Results

Fig. 2 shows the micrographs of the 7055 and 7055–0.25Sc alloys
after solution treatment. The average sizes of the grains along the short
dimension in the as-rolled 7055 and 7055–0.25Sc alloys were ap-
proximately 30 (Fig. 2a) and 10 µm (Fig. 2b), respectively. Equiaxed
20–30 nm particles were observed in the 7055 alloy (Fig. 2c). The se-
lected diffraction area (SAD), the chemical composition and the heat
treatment process suggested that these particles constituted the Al3Zr
phase with face centered cubic (fcc) structure [17]. A considerably

higher density of nano-sized particles was observed in the 7055–0.25Sc
alloy, and some of these particles were located at the GBs (Fig. 2d). The
SAD, the chemical composition, and the heat treatment process in-
dicated the nano-sized particles in the 7055–0.25Sc alloy after solution
treatment constituted the Al3(Sc,Zr) phase with face centered cubic
(fcc) structure.

Fig. 3 shows the age-hardening curves of the 7055 and 7055–0.25Sc
alloys during aging. The 7055 and 7055–0.25Sc alloys exhibited a
hardening behavior, and the peak-aged times of these two alloys were
in the range of 24–26 h during aging at 120 °C. The peak-aged times of
the 7055 and 7055–0.25Sc alloys were reduced to 8 and 5 h, respec-
tively, when the aging temperature was increased to 150 °C. The
hardness value of the 7055–0.25Sc alloy was higher than that of the
7055 alloy for each aging parameter. Furthermore, the 7055–0.25Sc
alloy maintained its high hardness for 30 h of aging at 150 °C. By
contrast, the 7055 alloy exhibited a significantly shorter high-hardness
duration, and the hardness rapidly decreased after the peak value was
reached. Thus, Sc addition increased the thermal stability of the 7055
alloy during high-temperature aging. Moreover, the peak hardness va-
lues of both alloys at a lower aging temperature of 120 °C were

Table 1
Chemical composition of the 7055 and 7055–0.25Sc alloys.

Zn Mg Cu Zr Sc

7055 7.82 1.95 2.24 0.16 –
7055–0.25Sc 7.81 1.93 2.24 0.16 0.25

Fig. 1. Schematic of the tensile specimen (mm).

Fig. 2. OM micrographs of the (a) 7055 and (b) 7055–0.25Sc
alloys. TEM micrographs of the (c) 7055 and (d) 7055–0.25Sc
alloys after solution treatment.

Fig. 3. Variation of Vickers hardness with aging time of the 7055 and 7055–0.25Sc alloys
at different temperatures.
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considerably higher than those at a higher temperature of 150 °C.
Fig. 4 shows the OM micrographs of the 7055 and 7055–0.25Sc

alloys after 30 h of aging at 150 °C (over-aged condition). The grain size
and structure of the over-aged samples were insignificantly changed
compared with those of the solution-treated samples (Fig. 2a and b).

Fig. 5 shows the TEM micrographs of the 7055 alloys after aging
under different conditions. For the samples aged at 120 °C, a high
density of precipitates with size of several nanometers was observed in
the grain interior, whereas large-size precipitates were discontinuously
distributed along the GBs after 12 h of aging (Fig. 5a and b). When the
aging time was prolonged to 24 h, the precipitated phase coarsened in
the grain interior, and the number density of the particles with size
larger than 50 nm was approximately 9 × 1013 m−3. The selected
diffraction area revealed that the nanoparticles in the grain interior
contained η′ precipitates and Al3Zr phases (Fig. 5c). The large-size
phase was discontinuously distributed along the GBs, and precipitate
free zones (PFZ) were observed in the sample (Fig. 5d). The density of
particles with size larger than 50 nm in the 150 °C/8 h 7055 alloy was
approximately 2 × 1014 m−3, which was slightly higher than that of
120 °C/24 h 7055 alloy (Fig. 5e and f). When the aging time was further
increased to 30 h at 150 °C, the precipitated phase further coarsened
(Fig. 5g), and the dark-field image excited by the reflection of η phase
demonstrated that a high density of plate- or rod-shaped equilibrium η
phase was observed in the grain interior of the 150 °C/30 h 7055 alloy
(Fig. 5h).

Fig. 6 shows the TEM micrographs of 7055–0.25Sc alloys after aging
under different conditions. Compared with the 120 °C/12 h 7055 alloy,
the 7055–0.25Sc alloy under the same aging condition presented finer
precipitates in the grain interior and no large-size precipitates along the
GBs (Fig. 6a and b). Moreover, a high density of fisheye-like Al3(Sc,Zr)
particles, which were identified by SAD, were observed in the sample,
and some of the particles were located at the dislocations near the GBs,
as shown by the arrows in Fig. 6b. The 120 °C/24 h and 150 °C/8 h
7055–0.25Sc samples displayed similar microstructures, and exhibited
lower density of large-size precipitates than the 7055 alloy under the
same aging conditions (Fig. 6c–f). Al3(Sc,Zr) particles were also ob-
served at the dislocations near the GBs, as shown by the arrows in
Fig. 6d and f. Precipitates with sizes of up to 60 nm were observed in
the 150 °C/30 h 7055–0.25Sc alloy. However, compared with the
150 °C/30 h 7055 alloy, this sample exhibited a considerably lower
density of large-size precipitates (Fig. 6g). Plate- or rod-shaped η phase
particles were observed near the Al3(Sc,Zr) particles in the 150 °C/30 h
7055–0.25Sc alloy, as shown by the arrows in Fig. 6h.

Fig. 7 shows the stress–strain curves of the 7055 and 7055–0.25Sc
alloys after aging under different conditions. The mechanical properties
of the two alloys are provided in Table 2. The 7055–0.25Sc alloys ex-
hibited better mechanical properties than those of the 7055 alloys
under the same aging condition. Compared with the 120 °C/24 h sam-
ples, the 150 °C/8 h samples presented lower ultimate tensile strength
(UTS) and elongation (EL). The strength of the 150 °C/30 h 7055 alloy
was obviously lower than that of the 150 °C/30 h 7055 alloy, and the
7055–0.25Sc alloy maintained a high strength up to 30 h of aging. The

120 °C/24 h 7055–0.25Sc alloy demonstrated the best mechanical
properties, with a yield strength (YS), UTS, and EL of up to 600,
679 MPa, and 14%, respectively.

4. Discussion

Precipitation strengthening was the most significant strengthening
mechanism in the 7xxx alloys after aging treatment. The precipitation
sequence of the 7xxx alloys was described as: supersaturate solid so-
lution → GP zones → metastable η′ phase → stable η phase; the η′ phase
acted as the main strengthening phase in these alloys [17].

For the 7055 alloy, the quenching-induced grain interior defects,
such as dislocations and vacancies, were annihilated during artificial
aging. Thus, only the GBs provided preferential nucleation sites for the
precipitates. The precipitates first precipitated at the GBs, continued to
grow, and then transformed into a stable phase by absorbing solute
atoms surrounding them in the grain interior [18–20]. Then, the nu-
cleation of the precipitates near the GBs was inhibited, and the PFZ was
formed (Fig. 5).

For the 7055–0.25Sc alloy, the movements and annihilations of the
quenching-induced crystal defects were suppressed during aging be-
cause of the pinning effect of the Al3(Sc,Zr) particles (Fig. 6b, d, and f),
and additional nucleation sites were available for precipitates in the
7055–0.25Sc alloy. Thus, a significant amount of precipitates was ob-
served near the Al3(Sc,Zr) particles in the 150 °C/30 h 7055–0.25Sc
alloy (Fig. 6h). The high efficiency of precipitation nucleation de-
creased the density of the η phase along the GBs in the 7055–0.25Sc
alloy, and no obvious PFZ was observed in this alloy after aging.

In addition, more Zn and Mg atoms were consumed in the Al lattice,
and the formation of the η phase and the growth of η′ precipitates were
suppressed during the further because of the high efficiency of pre-
cipitation nucleation in the 7055–0.25Sc alloy. Thus, compared with
the 7055 alloy, the 7055–0.25Sc alloy exhibited a lower density of the
large η phase and a finer size of the η′ phase under the same aging
conditions (Figs. 5 and 6).

The superior hardness and thermal stability of the 7055–0.25Sc
alloy during aging (Fig. 3) was attributed to the following factors. First,
the 7055–0.25Sc alloy had a smaller grain size than that of the 7055
alloy under the same aging conditions (Figs. 2 and 4) because the nano-
sized Al3(Sc,Zr) precipitates pinned the GBs and retained more fine
grains during heat treatments [14–16,21]. Consequently, the
7055–0.25Sc alloy exhibited a higher GB strengthening. Second, the
size, density, and distribution of the η′ phase in the 120 °C/24 h and
150 °C/8 h 7055 samples were optimized by the minor Sc addition.
Moreover, minor Sc addition prevented the η′ phase from coarsening
and transforming into the η phase in the 7055 alloy during aging.
Consequently, the 7055–0.25Sc alloy exhibited a higher precipitation
strengthening.

The higher GB and precipitation strengthening provided the
7055–0.25Sc alloys with a higher tensile strength than that of the 7055
alloys. The higher thermal stability of the 7055–0.25Sc alloy during
aging at 150 °C was attributed to the precipitation inhibition effects,

Fig. 4. OM micrographs of the (a) 7055 and (b) 7055–0.25Sc
alloys after aging at 150 °C for 30 h.
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Fig. 5. TEM micrographs of the7055 alloys aged at (a and b) 120 °C
for 12 h (120 °C/12 h), (c and d) 120 °C for 24 h (120 °C/24 h), (e
and f) 150 °C for 8 h (150 °C/8 h), and (g and h) 150 °C for 30 h
(150 °C/30 h).
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Fig. 6. TEM micrographs of the 7055–0.25Sc alloys aged at (a and b)
120 °C for 12 h (120 °C/12 h), (c and d) 120 °C for 24 h (120 °C/
24 h), (e and f) 150 °C for 8 h (150 °C/8 h), and (g and h) 150 °C for
30 h (150 °C/30 h). The arrows in (b), (d), (f), and (h) denote the
Al3(Sc, Zr) phase.
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including the coarsening of the metastable phase and its transformation
stable phase, induced by the Sc addition.

Compared with the 7055 alloys, the 7055–0.25Sc alloys exhibited
higher EL. Minor Sc addition exerted two positive effects on the duc-
tility of the 7055 alloy. First, the Al3(Sc,Zr) particles pinned the GBs of
the Al alloys during deformation and subsequent solution treatments
[22,23]. Thus, the grain sizes of the 7055–0.25Sc alloy were lower than
those of the 7055 alloy (Figs. 2 and 4). The fine grain structure con-
tributed to a higher ductility, because the strain localization was pre-
vented by the redistribution of the stresses during tension. Thus, con-
siderable elongation was achieved before failure. Second, the GBs and
dislocations were pinned by the Al3(Sc,Zr) particles, and the accumu-
lation of the dislocations was delayed during tensile test, thus the crack
growth of the 7055–0.25Sc alloy was inhibited.

Compared with the 120 °C/24 h samples, the 150 °C/8 h samples
exhibited lower hardness, UTS, and EL. The higher density of the large η
precipitates in the 150 °C/8 h samples was responsible for the lower
precipitation strengthening, which in turn resulted in reduced hardness
and strength. Zhao et al. [24] found that nano-sized precipitates con-
tributed to the accumulation of dislocations in Al alloys during tension,
thereby increasing the work hardening rate and improving the ductility
of Al alloys. In the present study, the 120 °C/24 h samples exhibited a
higher work hardening rate than the 150 °C/8 h samples sample be-
cause of the finer precipitates (Fig. 7). Therefore, the 120 °C/24 h
samples achieved a higher EL.

5. Conclusions

The effects of minor Sc addition on the precipitation behavior and

resultant mechanical properties of the 7055 alloy during aging were
investigated. The following conclusions were drawn:

(1) Sc addition refined the grains of the 7055 alloy because of the GB
pining effect of the nano-sized Al3(Sc,Zr) phase.

(2) Sc addition increased the hardness and thermal stability of the 7055
alloy during aging.

(3) Sc addition promoted the uniform precipitation of the η′ phase,
inhibited the coarsening of the η′ phase, and prevents its transfor-
mation into η phase in the 7055 alloy.

(4) Sc addition improved the mechanical properties, such as strength
and ductility, of the 7055 alloy after aging. This phenomenon was
mainly attributed to the grain refinement, finer size, higher density,
more uniformly distributed η′ phase, and less η phase in the
7055–0.25Sc alloys.
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