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Abstract This study investigated the effect of 0.25 wt% Sc
addition on the microstructure and mechanical properties
of AA 7055 alloy. The addition of Sc obviously refined the
grains of AA 7055 alloy during casting, homogenizing,
rolling, solution, and aging treatments due to the formation
of primary and precipitate Alz(Sc,Zr) phase. The recrys-
tallization and precipitation of AA 7055 alloy were inhib-
ited during heat treatments by Sc addition. The Sc-
containing AA 7055 alloy exhibited higher thermal sta-
bility than AA 7055 alloy during homogenizing treatment,
because of the grain boundary pinning effect of nano-sized
Al3(Sc,Zr) particles. Given its structure characteristics such
as fine grains, fine ' phase, and less M phase, AA 7055
alloy with added Sc showed good mechanical properties
after aging at 120 °C for 24 h, with an ultimate tensile
strength (UTS) of 679 MPa and elongation (EL) of 14%.
This work provides an effective strategy to fabricate Al-
Zn-Mg(—Cu) series (7xxx) alloys with excellent mechani-
cal properties.
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1 Introduction

Al-Zn-Mg(—Cu) series (7xxx) alloys are widely used in
aircraft manufacturing industry because of their low den-
sity and excellent mechanical properties [1-3]. Compared
with other 7xxx alloys, AA 7055 alloy with high Zn, Cu
and Zr contents exhibited higher strength and high ductility
[4]. Further improvement in the mechanical properties of
AA 7055 alloy is desirable to extend the engineering
application of commercial Al alloys. The addition of Zr
and rare-earth Sc into commercial Al alloys has been
proven to be an effective approach in improving their
mechanical properties [5-7]. The primary and precipitated
Al;Sc or Al5(Sc,Zr) phases can lead to the grain refinement
of Al alloys during solidification, heat treatments and
deformations, thereby promoting grain boundary (GB)
strengthening of Al alloys [8—13]. Recently, Chen et al.
[14, 15] and Jiang et al. [16, 17] found that the segregation
of Sc atoms at the &'/matrix interfaces in Al-Cu—Sc alloys
can inhibit the growth of & phase and the transformation of
0 into O phase, thereby increasing the precipitation
strengthening of Al alloys.

Clearly, the addition of Sc and Zr to Al alloys is an
effective method for improving their thermal stability and
mechanical properties. However, the effects of Sc on the
microstructure and mechanical properties of AA 7055
alloy, which were characterized by high Zn (> 7.6 wt%),
Cu (> 2.0 wt%), and Zr (> 0.15 wt%) contents, high
strength (ultimate tensile strength, UTS > 600 MPa), and
good ductility (tensile elongation, EL > 10%), have rarely
been reported.

In the present study, AA 7055 and AA 7055 containing
0.25 wt% Sc (AA 7055-0.25Sc) alloys were subjected to
microstructural examinations, hardness measurements and
tensile tests under casting, homogenizing, rolling, solution
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and aging treatment conditions. The aim of this study is to
understand the effects of minor Sc addition on the
microstructure and mechanical properties of AA 7055 alloy
during the above processes. This study can provide a basis
for compositional design of high-performance 7xxx series
Al alloys.

2 Experimental

AA 7055 and AA 7055-0.25Sc alloys were prepared by
casting. The chemical compositions of those two alloys are
shown in Table 1. The ingots were homogenized at 470 °C
for 26 h and rapidly quenched to room temperature by
immersing into water. After homogenization treatment, the
ingots were hot rolled from 10 to 3 mm at 470 °C with
seven rolling passes. Between every rolling pass, the
samples were reheated in a furnace at the prescribed rolling
temperatures for 3 min. The rolled samples were subse-
quently subjected to solution treatment at 470 °C for 2 h,
water quenched (the samples were defined as SS), and then
aged at 120 °C for different durations from 1 to 72 h.

The microstructures of the alloys were examined by
optical microscope (OM, Leica-DMi8) and transmission
electron microscope (TEM, JEM-2010). The films for TEM
were prepared by grinding to a thickness of 50 pum, fol-
lowed by thinning using a twinjet electropolishing device.
The OM and TEM specimens were prepared in the rolling
direction—normal direction of samples. Hardness mea-
surement was performed with a Vickers microhardness
tester. The tensile tests were conducted on an Instron-3369-
type testing machine at a strain rate of 4 x 107*s™!
according to the ISO 6892-1:2009. The tensile specimen
was machined parallel to the rolling direction. The fracture
surfaces following the tensile tests were observed by
scanning electron microscope (SEM, S-4800).

3 Results and discussion

Figure 1 shows OM images of AA 7055 and AA
7055-0.25Sc alloys in their casting and homogenizing
treatment states. The as-cast AA 7055 alloy was charac-
terized by a typical dendritic structure (Fig. 1a). The

Table 1 Chemical composition of AA 7055 and AA 7055-0.25Sc
alloys (wt%)

Alloys Zn Mg Cu Zr Sc

AA 7055 7.82 1.95 2.24 0.16 -
AA 7055-0.25S¢ 7.81 1.93 2.24 0.16 0.25
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addition of 0.25 wt% Sc into AA 7055 alloy led to the
formation of refined and equiaxed grains (Fig. 1b). A large
number of previous studies confirmed that the primary
Al3(Sc,Zr) phase can serve as a heterogeneous nucleation
site for Al grains during solidification and resulted in the
formation of equiaxed Al grains and grain refinement [9].
Thus, the grain size of AA 7055-0.25Sc alloy was smaller
than that of AA 7055 alloy in their casting states. After
homogenization treatment, the dendritic grains changed
into equiaxed grains, and some of them reached as large as
1000 pm in the AA 7055 alloy (Fig. 1c). By comparison,
the grain size or structure of the AA 7055-0.25Sc alloy did
not significantly change after homogenization treatment,
and the average grain size of this sample was ~ 60 pm
(Fig. 1d).

Figure 2 shows TEM images of AA 7055 and AA
7055-0.25Sc alloys after homogenizing treatment. The
equiaxed particles with sizes of 20-30 nm were observed
in the AA 7055 alloy (Fig. 2a). According to the chemical
composition and heat treatment, those particles should be
Al;Zr phase. By comparison, much higher density of nano-
sized particles was observed in the AA 7055-0.25Sc alloy
than in AA 7055 alloy. The selected area diffraction
revealed that the nano-sized particles were Alz(Sc,Zr)
phase (Fig. 2b). Compared with AA 7055 alloy, AA
7055-0.25Sc alloy showed significantly higher thermal
stability during homogenizing treatment, and the average
grain size of AA 7055-0.25Sc alloys was one order of
magnitude lower than that of AA 7055 alloy after
homogenization (Fig. 1c, d). This phenomenon is attrib-
uted to high density of nano-sized Alz(Sc,Zr) particles
precipitated from Al lattice, which can strongly pin grain
boundaries (GBs) during heat treatment [18, 19] and
thereby prevent an intense grain growth in the AA
7055-0.25Sc alloy.

Figure 3 shows OM images of the rolled AA 7055 and
AA 7055-0.25Sc samples. Both samples exhibited elon-
gated grains in the rolling direction. The average short
dimension sizes of the grains in the as-rolled AA 7055 and
AA 7055-0.25Sc alloys were estimated to be ~ 30 pm
(Fig. 3a) and ~ 7 um (Fig. 3b), respectively. Smaller
grain size of AA 7055-0.25Sc alloy than that of AA 7055
alloy after the same rolling is attributed to the following
factors. First, the AA 7055-0.25Sc alloy had smaller grain
size than the AA 7055 alloy prior to rolling. Second, the
nano-sized Al3(Sc,Zr) particles precipitated in the AA
7055-0.25Sc alloy during homogenizing treatment
(Fig. 2b) strongly pinned the GBs during the rolling,
inhibiting both recovery and recrystallization, and there-
fore, the deformed structures were retained [18, 20].

Figure 4 shows the age-hardening curves of AA 7055
and AA 7055-0.25Sc alloys during aging at 120 °C. Those
two alloys exhibited obvious age-hardening behavior, and

Rare Met. (2020) 39(6):725-732



Mechanical properties and thermal stability of 7055 Al alloy by minor Sc addition 727

Fig. 1 OM images of a as-cast and ¢ homogenization-treated AA 7055 alloy and b as-cast and d homogenization-treated AA 7055-0.25Sc alloy

Fig. 2 TEM images of a AA 7055 and b AA 7055-0.25Sc alloys after homogenizing treatment

their peak-aging (PA) times were 24-26 h. The hardness
value of AA 7055-0.25Sc alloy was always higher than
that of the AA 7055 alloy within the entire aging period of
up to 72 h.

Figure 5 shows OM images of the peak-aged AA 7055
and AA 7055-0.25Sc alloys. From Fig. 5a, it can be seen
that partial recrystallization occurred in the AA 7055 alloy.
However, for AA 7055-0.25Sc alloy, no recrystallization
grains were observed, and the fibrous rolling deformation

Rare Met. (2020) 39(6):725-732

organization was well preserved after solution and aging
treatments (Fig. 5b). Figure 6 shows TEM images of AA
7055 and AA 7055-0.25Sc alloys after aging at 120 °C for
12 h (under-aged condition). For AA 7055 alloy, the high
density of n’ precipitates with less than 3 nm in size was
observed in the grain interior, and the m precipitates with
large size (larger than 50 nm) were discontinuously dis-
tributed along the GBs (Fig. 6a, b). By comparison, more
subgrain boundaries were obtained in AA 7055-0.25Sc
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Fig. 3 OM images of as-rolled a AA 7055 and b AA 7055-0.25Sc alloys
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Fig. 4 Variation of Vickers hardness with aging time at 120 °C for
AA 7055 and AA 7055-0.25Sc alloys

alloy (Fig. 6¢), and high density of fisheye-like Al;(Sc,Zr)
particles were observed in AA 7055-0.25Sc alloy, with
some of them located at GBs (Fig. 6d).

Figure 7 shows TEM images of AA 7055 and AA
7055-0.25Sc alloys after aging at 120 °C for 24 h (PA).
For AA 7055 alloy, the precipitated phase coarsened, and
some of them reached as large as ~ 60 nm (Fig. 7a).
Furthermore, the precipitate free zones (PFZ) were

observed (Fig. 7b). The coarsening of precipitates was
inhibited in AA 7055-0.25Sc alloy during further aging
(Fig. 7c), and the magnified micrograph showed that the
precipitates were also discontinuously distributed along the
GBs, but their density was lower than that in AA 7055
alloy (Fig. 7b, d). Al3(Sc,Zr) particles were also observed
in the grain interior defect, such as at dislocations (Fig. 7d),
and no obvious PFZ was observed in this alloy after aging,
as shown by the inset in Fig. 7d. Clearly, the recrystal-
lization of AA 7055 alloy during solution and aging
treatments were influenced by the minor Sc addition.
Numerous Al3(Sc,Zr) particles located at the GBs in AA
7055-0.25Sc alloys (Figs. 6d, 7d) can strongly pin GBs
during heat treatments [19], thereby inhibiting recrystal-
lization and preventing intense grain growth (Fig. 5). Thus,
the fine microstructure with fibrous shape grains was well
preserved in AA 7055-0.25Sc alloy after heat treatments.

The precipitation behavior of AA 7055 alloys during
solution and aging treatments was inhibited by minor Sc
addition (Figs. 6, 7). A similar phenomenon was also
observed in other Sc-containing 7xxx alloys [9, 21]. Using
three-dimensional atom probe, Chen et al. [14] and Jiang
et al. [17] found the segregation of Sc atoms at the pre-
cipitated metastable phase/Al matrix interfaces in Al-Cu—
Sc alloys, and the growth of metastable phase and

Fig. 5 OM images of a AA 7055 and b AA 7055-0.25Sc alloys after aging at 120 °C for 24 h (PA) (arrows in a denoting recrystallized grains)
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Fig. 6 TEM images of a, b AA 7055 and ¢, d AA 7055-0.25Sc alloys after aging at 120 °C for 12 h (arrows in d denoting Al3(Sc,Zr) phase)

transformation of metastable into stable phase were
inhibited by those Sc atoms [14]. In the present study, large
numbers of Sc atoms may also locate at the metastable 1’
phase/Al matrix interfaces. Thus, 1’ phase exhibited high
thermal stability during aging treatment.

The GBs and quenching-induced crystal defects, such as
vacancies and dislocations, provided preferential nucle-
ation sites for precipitates during artificial aging [22]. For
7xxx alloys, the quenching-induced crystal defects would
be annihilated during aging, and only the GBs provided
heterogeneous nucleation sites for the precipitates. During
aging, the dislocations near GBs would be aggregated
around GBs, and this condition was beneficial to the solute
element diffusion to GBs; then, the metastable precipitates
at GBs grew continuously and transformed into
stable phase [23-25]. Thus, large n precipitates along GBs
and PFZ were obtained in AA 7055 alloys (Fig. 7b).

High density of nano-sized Al;(Sc,Zr) particles was
obtained in AA 7055-0.25Sc alloys after homogenizing

Rare Met. (2020) 39(6):725-732

treatment (Fig. 2b), and Al3(Sc,Zr) particles can effectively
pin dislocations during heat treatments or deformations
[26-28]. Thus, the movements and annihilations of
quenching-induced dislocations were suppressed during
aging due to the pinning effect of Als(Sc,Zr) particles
(Fig. 7d), and the nucleation sites for precipitates provided
for AA 7055-0.25Sc alloy increased. Thus, the density of
M phase along GBs in AA 7055-0.25Sc alloy was lower
than that in AA 7055 alloy (Fig. 7b, d).

The stress—strain curves of AA 7055 and AA
7055-0.25Sc alloys are compared in Fig. 8. The mechan-
ical properties of the two alloys are given in Table 2. Both
the strength and EL of the two alloys increased with aging
time increasing. AA 7055-0.25Sc alloy exhibited higher
strength and ductility than AA 7055 alloys under the same
treatment condition. AA 7055-0.25Sc alloy after aging at
120 °C for 24 h showed the best mechanical properties,
and the UTS and EL of this sample reached up to 679 MPa
and 14%, respectively.

@ Springer
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750 nm

Fig. 7 TEM images of a, b AA 7055 and ¢, d AA 7055-0.25Sc alloys after aging at 120 °C for 24 h (red and black arrows in panel d denoting 1

and Al;(Sc,Zr) phases, respectively)
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Fig. 8 Stress—strain curves of AA 7055 and AA 7055-0.25Sc alloys
after solid solution and aging at 120 °C

Compared with AA 7055 alloys, AA 7055-0.25Sc
alloys exhibited higher strength mainly due to the increased
GB and precipitation strengthenings, which were caused by
the fine grains (Fig. 5), fine 1’ and less n phases (Figs. 6,

@ Springer

Table 2 Tensile properties of AA 7055 and AA 7055-0.25Sc alloys
with various aging parameters

Alloys Yield strength UTS/MPa EL/%
(YS)/MPa
SS
AA 7055 467 576 11
AA 7055-0.25Sc 470 620 13
120 °C/12 h
AA 7055 562 620 11
AA 7055-0.25Sc 567 649 14
120 °C/24 h
AA 7055 577 654 13
AA 7055-0.25Sc 600 679 14

7). The fracture surfaces of AA 7055 and AA 7055-0.25Sc
alloys after aging at 120 °C for 24 h are shown in Fig. 9.
Compared with those of AA 7055 alloy, the fracture sur-
faces of AA 7055-0.25Sc alloy exhibited fine and

Rare Met. (2020) 39(6):725-732
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Fig. 9 Fracture surfaces of a AA 7055 and b AA 7055-0.25Sc alloys after aging at 120 °C for 24 h

homogenous dimples due to the fine and homogenous
grains of this sample. This structure characteristics of AA
7055-0.25Sc alloy showed that the strain localization can
be prevented by redistribution of the stresses during ten-
sion, thereby achieving considerable elongation before
failure. Thus, AA 7055-0.25Sc alloy exhibited high
ductility.

Figure 10 shows tensile properties of 7xxx alloys with
Sc additions from the present study and previous reports.
The data of AA 7055-0.25Sc alloy were presented above
the shade, indicating that this sample owned balanced
mechanical properties. The UTS of 7xxx-Sc alloys
increased with Zn content increasing. Thus, the UTS of the
present AA 7055-0.25Sc alloy is lower than that of Al-
8.82Zn-2.08Mg—0.8Cu—-0.31Sc—0.3Zr alloy [5] but higher

T, e
H% |

Fig. 10 Summary tensile properties of 7xxx-Sc alloys from previous
studies (Ref. [9]: Al-5.42Zn-1.98Mg-0.24Sc—0.12Zr; Ref. [6]: Al-
5.7Zn—-1.98Mg—-0.33Cu—-0.25Sc-0.1Zr; Ref. [5]: Al-8.82Zn-2.08Mg—
0.8Cu-0.31Sc-0.3Zr; Ref. [10]: Al-7.11Zn-2.49Mg-0.22Cu-
0.22Sc-0.4Zr, Al-6.84Zn-2.6Mg-0.21Cu—0.37Sc-0.18Zr; Ref. [30]:
Al-5.5Zn-2Mg—0.2Sc-0.1Zr) and AA 7055-0.25Sc alloy with PA
condition in this study

Rare Met. (2020) 39(6):725-732

than those of other alloys. Compared with 7xxx-Sc alloys
in the previous studies [5, 6, 9, 10, 29], the present AA
7055-0.25Sc alloy exhibited higher EL. Zhang et al. [5]
claimed that the low EL in 7xxx-Sc alloys with high
strength was always due to the high density of n phase in
GBs. In the present study, AA 7055-0.25Sc alloy exhibited
low density of n phase in GBs (Fig. 7d). Thus, the ductility
of this sample was improved. Furthermore, AA
7055-0.25Sc alloy showed finer grains and lower Mn, Si,
and Fe contents than 7xxx-Sc alloys in the previous studies
[6, 9, 10, 29]. Therefore, the crack growth resistance of the
AA 7055-0.25Sc alloy can be improved during tensile test
[30], which is also beneficial to the improvement in EL.

4 Conclusion

In this study, the potential to achieve high mechanical
properties and good thermal stability in AA 7055 alloys via
Sc addition was demonstrated. The addition of 0.25 wt%
Sc into AA 7055 alloy led to the formation of refined and
equiaxed-casting grains because primary Al;(Sc,Zr) phase
can promote the heterogeneous nucleation during solidifi-
cation. The Sc addition considerably improved the thermal
stability of the AA 7055 alloy during homogenizing
treatment due to the GB pinning effect by the precipitated
Al5(Sc,Zr) phase. The average grain size of the as-rolled
AA 7055-0.25Sc alloy was ~ 7 um, which was signifi-
cantly lower than that of the as-rolled AA 7055 alloy under
the same rolling. The recrystallization and precipitation
behavior of AA 7055-0.25Sc alloy were inhibited during
the subsequent solution and aging due to the effects of
nano-sized Al3(Sc,Zr) phase and Sc atoms. AA
7055-0.25Sc alloy exhibited higher strength and ductility
than AA 7055 alloy under the same heat treatment due to

@ Springer
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the fine grains, fine 1’ phase and less 1 phase in AA
7055-0.25Sc alloy. Compared with previous 7xxx-Sc
alloys, the present AA 7055-0.25Sc alloy with the peak-
aging condition exhibited balanced mechanical properties.
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