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Abstract: The microstructure and mechanical properties of rheo-diecasting Al-6Zn-2Mg-2Cu alloys microalloyed
with Ti, Sc and Sc+Zr were studied by optical microscopy (OM), scanning electron microscopy (SEM), X-ray
diffraction (XRD), hardness testing, and tensile testing. The swirled equilibrium enthalpy device (SEED) process
was introduced to prepare the semisolid slurry. Results show that the addition of Ti, Sc, and Sc+Zr refines the
grain size and improves the uniformity of the semisolid slurry and then suppresses the growth of the a-Al grain
during solution heat treatment. The microstructure of the four alloys in as-cast state mainly consists of spherical
a-Al and the Mg(Al, Cu, Zn), (n) eutectic phase. Moreover, primary Al;Sc, Al;(Sc, Zr) and Al,Zr are also found in
the micro-alloying alloys. After solution and aging heat treatment, most of the Mg(Al, Cu, Zn), phases dissolve
into the a-Al matrix, while part of Mg(Al, Cu, Zn), phases transform to Al,CuMg (S) phases. However, the coarse
primary Al;Sc and Al;(Sc, Zr) still remain in the matrix, and promote crack initiation and propagation. With the
tensile strength of 553 MPa, yield strength of 463 MPa and elongation of 13.4% at T6 state, trace Ti addition
generates more attractive mechanical properties than the other three alloys.
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1 IlltI‘Odll(‘tiOIl metal processing technology has many advantages such
as low casting temperature and small solidification
Al-Zn-Mg-Cu alloys (7xxx) belong to wrought shrinkage '\

aluminum alloys with high strength and toughness, A very important method of strengthening Al-Zn-

which are widely used in aerospace and transportation
fields " *. Al-Zn-Mg-Cu alloys are generally formed
through wrought process, which is much more
expensive than the alternative casting route. However,
Al-Zn-Mg-Cu alloys prepared by traditional casting
methods are prone to casting defects such as shrinkage
porosity and shrinkage cavities, which will deteriorate
the mechanical properties of the alloys ™ *. The
semisolid metal processing technology discovered in
1971 provides the possibility for the direct casting of
Al-Zn-Mg-Cu alloys . This is because the semisolid
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Mg-Cu alloys is to use certain elements for micro-
alloying, which can make the alloy form a great number
of nano-sized precipitates . These precipitated phases
can hinder the movement of dislocations, thereby
increasing the strength of the alloys. Sc is a very good
micro-alloying element in aluminum alloys, and can
play a role in solid solution strengthening, precipitation
strengthening and inhibiting recrystallization ™.
Compared with other elements, the strengthening
mechanism of Sc in Al is very unique """\ Although
the solid solubility of Sc in Al is very low, it can increase
strength while maintaining reasonable toughness. But,
Sc is expensive, which limits its further application.
Adding small amounts of Sc+Zr to the aluminum
alloys can reduce the cost. The addition of Zr can also
modify the Sc-dispersoid by both refining its size and
increasing its thermal stability ™ '*'"*. As such, the
combined addition of Sc and Zr in aluminum alloys
has a better strengthening effect by the precipitation of
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nano-scale Al;Sc and Aly(Sc, Zr). In the semisolid forming of
aluminum alloys, some studies have found that the addition of
Sc or the combined addition of Sc and Zr can refine the semisolid
slurry microstructure and the as-cast microstructure "7,
However, owing to the unique process of semisolid slurry
preparation and heat-treating for the semisolid alloys, the
refinement and strengthening effects of Sc and Sc+Zr addition
are uncertain. Moreover, in-depth analyses of the evolution of
Sc-contained phase in the subsequent heat treatment process and
its strengthening effect in semisolid forming are relatively few.
Furthermore, as a commonly used refiner for traditional casting
aluminum alloys, Al-5Ti-B master alloy is generally used to refine
the a-Al phase, thus improving the mechanical properties ' '
and fluidity ***"
semisolid slurry is also beneficial to the subsequent die-casting,

of the alloys. The refined microstructure of

and can improve the mechanical properties of the alloys. Due to
the higher cost of Sc and Zr in 7xxx series aluminum alloys, it
is of great importance to compare the refining effect of Al-5Ti-B
with Sc and Zr additions. Moreover, considering the unique
solidification behavior, the research on the refining effect of
Al-5Ti-B on semisolid die-casting is also very limited, especially
on the semisolid slurry.

In order to reduce the cost of making high strength 7xxx
series aluminum alloys and to accelerate its application in the
automobile industry, the focus of this research is to compare
the refining effect of Al-Ti-B with Sc and Zr additions in
semisolid rheo-diecasting Al-6Zn-2Mg-2Cu alloys, especially
on the microstructure of the semisolid slurry and the
mechanical properties after heat treatment. In this study, the
effects of trace Ti, Sc and Sc+Zr additions on the semisolid
slurry, microstructure, and mechanical properties of semisolid
rheo-diecasting Al-6Zn-2Mg-2Cu alloys were systematically studied.

2 Materials and methods

2.1 Alloy preparation and heat treatment

The experimental materials were prepared with pure Al,
pure Zn, pure Mg, along with Al-50Cu, Al-2Sc, Al-5Zr, and
Al-5Ti-B master alloys (all compositions are in wt.% unless
otherwise noted). The Al-6Zn-2Mg-2Cu base alloy (7 alloy)
modified with Ti, Sc and Sc+Zr were named 7T, 7S and 7SZ,
respectively. The alloys were melted in a resistance furnace at
720 °C and degassed with argon using a rotary impeller. The
melt was poured into a crucible with an inner diameter of
78 mm and a height of 210 mm at 650 °C. The semisolid

slurry was prepared by the swirled equilibrium enthalpy device
(SEED) process at an eccentric rotation (swirling) speed of
180 rpm. Subsequently, the prepared semisolid slurry was
transferred to the Buhler 340-ton die-casting machine with
a boost pressure of 95 MPa and a filling speed of 0.2 m's™ to
fabricate the as-cast samples of the studied alloy. The actual
chemical composition of the studied alloys was analyzed by
ICP-AES, and the results are shown in Table 1. The liquidus
and solidus temperatures of the studied alloys were calculated
by JMatPro software, and found to be 631 °C and 451 °C,
respectively. According to the DSC curve analysis in Ref. [22],
the beginning temperature of Mg(Al, Cu, Zn), phase dissolved
into a-Al is about 480 °C. The solution temperature of Al-Zn-
Mg-Cu alloys is usually 470-475 °C #***), Therefore, the as-cast
samples were solution heat treated at 470 °C for 8 h, and then
aged at 120 °C for different times.

2.2 Microstructure observation

For the semisolid slurry microstructure analysis, the slurry was
rapidly quenched into cold water to obtain the as-quenched slurry,
and the samples for optical microscopy (OM) analysis were
sectioned horizontally from the middle of the as-quenched slurry,
as displayed in Fig. 1(a). For the as-cast sample analysis of the
studied alloys after high pressure die-casting, the sampling
location is shown in Fig. 1(b). The samples were etched with
Keller's reagent (5 mL HF, 10 mL HNO,, and 85 mL H,0)
after mechanical polishing. The grain size and shape factor of
the semisolid slurry were analyzed by image processing and
analysis software (Image-Pro Plus 6.0 software). The grain size
of primary a-Al was calculated by the method of section line,
and the shape factor (F) was calculated by F=4nA4/P* (where 4
represents the area of a grain, and P represents the perimeter of
a grain). The microstructure observation of the as-cast samples
in Fig. 1(b) and local chemical analysis were carried out using
a scanning electron microscope (SEM) equipped with energy
dispersive spectroscopy (EDS) apparatus. The phase analysis
was carried out by X-ray diffraction (XRD) with a scanning
speed of 8°-min™ and 26 angle between 10° and 90°.

2.3 Mechanical property testing

Tensile testing was performed on a universal testing machine
of E45.305 (MTS Systems Co., Ltd.), and a schematic of the
tensile specimen is shown in Fig. 2. The microhardness was
measured by a Vickers-hardness tester under a load of 5 kg for
15 s. For each composition alloy, 5 tests were performed and
the average value was calculated.

Table 1: Actual compositions of studied alloys (wt.%)

7 alloy 6.43 2.28 2.29
7T alloy 5.98 2.28 2.04 0.15
7S alloy 5.86 2.02 1.79

7SZ alloy 6.06 1.99 1.90

0.007 <0.0003 Bal.

<0.0001 0.017 Bal.

0.42 0.03 0.008 Bal.
0.17 0.14 0.03 0.008 Bal.
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Fig. 1: Schematics of sampling of semisolid slurry (a)

and as-cast state (b)

Fig. 2: Schematics of tensile specimen
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3 Results

3.1 Microstructure of semisolid slurries

Figure 3 shows the semisolid slurry microstructure of the four
experimental alloys. The statistical results of the average grain
size and shape factor for different areas are shown in Fig. 4.
It can be seen that adding a small amount of Ti, Sc or Sc+Zr
to the alloy can refine the a-Al grains and increase its shape
factor. There are coarse primary o-Al dendrites in various
positions of the slurry of the Al-6Zn-2Mg-2Cu alloy (7 alloy)
without adding trace elements. The average o-Al diameters at
different locations of the 7 alloy from the edge to the center
are 173 pm, 174 um and 186 pum, respectively. Firstly, the
middle area was selected to show the refinement of Ti, Sc
and Sc+Zr additions [Fig. 4(a)]. The average o-Al grain size
dramatically reduces from 174 um of the 7 alloy to 112 um
of the 7T alloy, 94 pm of the 7S alloy and 120 pm of the 7SZ

Fig. 3: Microstructures of semisolid slurry in different alloys: (a) 7; (b) 7T; (c) 7S; (d) 7SZ
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alloy, respectively. Secondly, the homogeneity of the semisolid
slurry from edge area to center area is also improved. The
standard deviation (STDEV) of the average grain size for
three positions was introduced to evaluate the homogeneity.
The STDEV value for the 7 alloy is 7.23. After adding a small
amount of Ti, Sc or Sc+Zr to the 7 alloy, the STDEV value
decreases to 1.73 of the 7T alloy, 2.00 of the 7S alloy and 4.16
of the 7SZ alloy. The lower STDEV value indicates that the
addition of Ti, Sc and Sc+Zr enhances the homogeneity of
the semisolid slurry. In other words, the microstructure of the
semisolid slurry is significantly refined and homogenized after
adding trace Ti, Sc and Sc+Zr.

Figure 4(b) indicates that the average shape factor, the
roundness of the primary a-Al is also affected by the addition
of trace elements Ti, Sc and Sc+Zr. The average shape factor
of three different areas of the primary a-Al grains is 0.35 for
7 alloy, and 0.55 for 7T, which is higher than that of the 7 alloy.
Adding Sc and Sc+Zr to the 7 alloy, the average shape factor of
7S and 7SZ alloy both increases to 0.68 and 0.65, respectively.
Moreover, the average shape factor slowly increases from the
edge to center of the four studied alloys. For example, the shape
factor of 7T alloy increases from 0.44 of the edge area to 0.58 of
the center area. Combining the results in Fig. 4(a) and Fig. 4(b),
it is concluded that the addition of Ti, Sc and Sc+Zr refines the
o-Al grain size, improves the homogeneity and promotes the
formation of spherical structure of the semisolid slurry.
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3.2 Microstructure of as-cast and as-solution
alloy

The microstructure and the statistical results of grain size
of the alloys in different states are shown in Fig. 5 and Fig. 6,
respectively. The average grain size of the 7 alloy in as-cast is
85 um, while the average grain sizes of the alloy with a small amount
of Ti, Sc and Sc+Zr are 72 um, 68 um and 74 um, respectively.
That is to say, a slightly refinement of a-Al grain is observed
in as-cast state. After solution heat treatment, the average
grain size of 7 alloy increases to about 286 pm, while the
alloys containing Ti, Sc and Sc+Zr slowly increase to 88 pm,
87 um and 91 pum, respectively. It's clearly shown that the
grain size of the 7 alloy increases by 201 pm after solution heat
treatment, while the grain size of 7T, 7S and 7SZ alloys only
increases by 16 um, 19 um and 17 pm, respectively. Therefore,
the addition of Ti, Sc and Sc+Zr to Al-6Zn-2Mg-2Cu alloy
strongly inhibits the grain growth during solution heat treatment.
Figure 7 shows the XRD patterns of as-cast and as-solution
alloys. It can be seen from the diffraction peaks in the as-cast
samples that the intermetallic phases present in the four alloys
are mainly Mg(Al, Cu, Zn), phase. As the atomic size of Al
and Cu are similar with Zn, they can easily replace the Zn
atoms in the MgZn, phase to form the Mg(Al, Cu, Zn), phase.
In addition to the diffraction peaks of Mg(Al, Cu, Zn),, the
ALSc and Al Zr phases are also detected in 7S and 7SZ alloys.
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Fig. 4: Statistical results for average grain size (a) and average shape factor (b) of semisolid slurry of different alloys

Fig. 5: Microstructures of as-cast (a-d) and as-solution (e-h) alloys: (a, e) 7 alloy; (b, f) 7T alloy; (c, g) 7S alloy; (d, h) 7SZ alloy
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350 o ot However, the diffraction peak of Al;Ti phase is not found in
300 - —e— As-solution 7T alloy. This is probably due to the relatively small content
of primary Al;Ti phase. After solution heat treatment, most

’g‘ 250 F of the Mg(Al, Cu, Zn), phases dissolve into the a-Al matrix,
E 200l as suggested by the difference of the diffraction peaks of the
"é Mg(Al, Cu, Zn), phase. Moreover, the diffraction peaks of new
8 150 | AL, CuMg phase appear in heat treated 7 alloy and 7T alloy,
100l indicating that new Al,CuMg phase is formed during heat
i\lzgjg treatment. The diffraction peaks of primary Al;Sc and Al,Zr do

50 - - - — not change before and after heat treatment, indicating that they

cannot dissolve into the a-Al matrix during heat treatment.
In order to characterize the microstructure of the as-cast and
as-solution alloys, SEM observation was performed, and the

Fig. 6: Statistical results for grain size of as-cast and
as-solution alloys

results are shown in Fig. 8. The corresponding EDS results

30000
+ olALCu 2 of the phases in Fig. 8 are also listed in Table 2. As shown in
v AlLCuMg . . . . .
25000 | “ASe Fig. 8(a), abundant eutectic structure is observed in the grain
778 sl 1 (£ ) * # | |Assolution boundary of the as-cast 7 alloy, and the EDS result of Point 1
20000 SKJMJJ\M - | (As-cast confirms that this phase is Mg(Al, Cu, Zn),. The addition of
-‘g 15000 _;s\\_UCLJ - * ALAs—so\ution Ti, Sc and Sc+Zr promotes the formation of Al,Ti (Point 2),
g 73\_4_“\‘_4_ L4 o o Jrscast Al;Sc (Point 4) and Al;(Sc, Zr) phases (Points 6 and 8) shown in
10000 | T\\_big . N l As-colution Figs. 8(b-e), respectively. Moreover, the primary Al;Ti, Al;Sc,
7T\'-\.ﬂuﬂw H Ascast and Al;(Sc, Zr) phases precipitate in a-Al grains, indicating
5000 - -y R . resotttion that these phases can act as heterogeneous nuclei, promote the
~ e « M b s R P Y N nucleation of a-Al, and thus refine the microstructure of the as-cast
O 1 1 1 1 1 1 1 1 1 . . . _
10 20 30 40 50 60 70 80 90 ?lloys. Cohm‘blmng the XRD results of the sFudled as-cast all.oys
26 (°) in Fig. 7, it is concluded that the as-cast microstructure mainly
Fig. 7: XRD diffraction patterns of as-cast and as-solution consists of a-Al and Mg(Al, Cu, Zn), phase. The addition of
alloys with identified phases Sc and Sc+Zr leads to coarse primary Al,Sc and Aly(Sc, Zr)

Fig. 8: Representative backscattered SEM images of as-cast (a-e) and as-solution (f-i) alloys: (a, f) 7 alloy;
(b, g) 7T alloy; (c, h) 7S alloy; (d, e, i) 7SZ alloy
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Table 2: EDS results of selected constituent particles highlighted in Fig. 8 (at.%)

Point Al Zn Mg Cu
1 24.94 32.15 31.45 11.46
2 69.61 2.82
) 41.36 20.04 25.74 12.86
4 74.97 0.94
5 65.99 10.68 15.56 7.78
6 84.90
7 61.93 15.98 17.98 4.11
8 78.70
9 56.89 1.88 22.98 18.16
10 59.35 1.42 21.30 17.93
11 84.43 0.93 2.91 8.09
12 57.63 1.46 22.34 18.56
13 90.77 1.77 3.36 2.97
14 61.38 1.63 21.23 15.77
15 86.50 0.91 3.05 6.37

phase in o-Al grain. However, trace Ti addition only forms
fine and small point-like precipitates. Considering the lower
Ti content, this is the reason that the diffraction peaks of Al Ti
phase were not detected in Fig. 7.

Figures 8(f-i) show higher magnification images of eutectic
zone of the studied alloys after solution treatment. The EDS
results in Table 2 show the existence of coarse Al,CuMg
phase (Points 9, 10, 12, and 14). These results clearly identify
the transformation from Mg(Al, Cu, Zn), phase to ALCuMg
phase during solution treatment for the studied alloys. This is
because of the higher solid solubility and diffusion rate of Zn
and Mg elements in o-Al matrix. Furthermore, small point-
like (Points 11 and 15) and short rod-like (Point 13) Al,Cu,Fe
phases are also observed. As a lower Fe content (<0.1%) in the
four studied alloys, this phase does not coarsen. Furthermore,
the content of Al,Cu,Fe phase is almost the same in the four
alloys after heat treatment and is very low. Thus, the effect of
this phase on the mechanical properties of the studied alloys is
negligible.

3.3 Mechanical properties

Figure 9 shows the variation of the hardness of the four alloys
after solution treatment at 470 °C for 8 h and then artificial
aging at 120 °C for varying times, displaying the characteristic
of age-hardening behavior. The as-solution hardness is shown
as the first data point on each curve. It can be observed that
the hardness increases rapidly with prolonged time before
24 h, and further increasing the time to 48 h, no obvious

Fe Ti Sc Zr Closest phase
Mg(Al, Cu, Zn),
27.57 Al Ti
Mg(Al, Cu, Zn),
24.09 Al;Sc
Mg(Al, Cu, Zn),
7.10 7.99 Aly(Sc, Zr)
Mg(Al, Cu, Zn),
4.60 16.70 Aly(Sc, Zr)
Al,CuMg
Al,CuMg
3.63 Al,Cu,Fe
AlL,CuMg
1.13 Al,Cu,Fe
Al,CuMg
3.16 Al,Cu,Fe
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Fig. 9: Hardening curves of four alloys treated by artificial
aging at 120 °C

enhancement is observed. Therefore, the aging time at 24 h
was chosen as an optimized parameter to investigate the tensile
properties of the four alloys.

Figure 10 illustrates the tensile properties of the studied
alloys after solution treatment at 470 °C for 8 h and artificial
aging at 120 °C for 24 h. It can be seen that the average
ultimate tensile strength (UTS) and yield strength (YS) of the
four alloys are similar. The average elongation (EL) of 7T
alloys (13.4%) is much higher than that of 7 alloys (10.6%). It
is worth noting that the EL of 7S and 7SZ alloys is decreased
to about 7%. Therefore, 7T alloy has the best comprehensive
mechanical properties.
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Fig. 10: Mechanical properties of four alloys in T6 state
(470 °C-8 h+120 °C-24 h)

4 Discussion

4.1 Microstructure

According to the phase diagram in Fig. 11(a), the formation
of primary Al;Sc requires that the binary Al-Sc alloy is
hypereutectic with respect to Sc, i.e., in excess of approximately
0.6wt.% . However, in Al-Zn-Mg-Cu alloys, the addition of
0.2wt.%-0.3wt.% Sc is enough to form the Al,Sc phase and
refine the grains effectively **. In this study, the addition of
Sc content in 7S alloys is up to 0.4wt.% (less than eutectic
composition at approximately 0.6wt.%), which is higher than
that in Ref. [25]. Therefore, it is easy to form primary Al;Sc
phase. According to the binary phase diagram of Al-Zr in
Fig. 11(b), the formation of primary Al,Zr is similar to that
of primary Al,Sc ®%. The formation of primary Al,(Sc, Zr) in
Al-Zn-Mg-Cu alloys containing Sc and Zr has been studied
in Ref. [27]. Most primary Al;(Sc,Zr) phases have a cubic
three-dimensional morphology. The morphology of Point 8§ in
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Fig. 8(e) is the same as that of primary Aly(Sc, Zr). Primary
Al;(Sc, Zr) is also detected in 7SZ alloys. The addition of
a small amount of Ti in Al alloys can well refine the a-Al
grain size "'\ According to the lattice parameter analysis in
Table 3 ™, the primary AL Ti, Al,Sc and Al,(Sc, Zr) phases can
act as effective heterogeneous nucleation sites, and then refine
the a-Al grains. Over all, the addition of Ti, Sc and Sc+Zr
refines the a-Al grains of the studied alloys.

The Sc and Zr added in the alloys are basically used to
form the primary phases, and their supersaturation in o-Al is
very low. Lohar et al. ® studied the influence of cooling rate
on the microstructure and aging behavior of as-cast Al-Sc-Zr
alloy. When the cooling rate was 0.16 °C-s”, Sc and Zr mainly
formed coarse primary phases, while the supersaturated Sc
and Zr in a-Al was very low, and the subsequent strengthening
effect was not obvious. Only when the cooling rate increases
to 7.69 °C's”, can it play a very good strengthening effect.
The lower cooling rate in semisolid slurry preparation leads to
the formation of coarse primary Al,Sc and Al;(Sc, Zr) phase,
indicating that the subsequent strengthening effect is not
obvious. Based on the analysis in Fig. 8, the Mg(Al, Cu, Zn),
phases in as-cast alloys are not affected by the addition of trace
elements Ti, Sc and Sc+Zr. Since the diffusion rate of Zn and
Mg atoms in a-Al is greater than that of Cu atoms, some of the
Mg(Al, Cu, Zn), phases are transformed into Al,CuMg phase
after solution heat treatment [Figs. 8(f-1)]. Based on the XRD
patterns in Fig. 7, the primary Al;Sc and Aly(Sc, Zr) phases
cannot dissolve into a-Al matrix. As a result, in semisolid
rheo-diecasting Al-Zn-Mg-Cu alloy, adding a small amount
of Ti, Sc and Sc+Zr has similar effect of refining a-Al, while
the Ti contained alloy does not form a coarse primary phase
[primary Al;Sc and Al;(Sc, Zr)].

(b) 900
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Fig. 11: Part of Al-Sc phase diagram adapted from Ref. [24] (a) and Al-Zr phase diagram adapted from Ref. [26] (b)

Table 3: Lattice parameters and corresponding mismatch with a-Al for cubic (L1,) and related tetragonal (D0,, or D0,;) Al;M
trialuminide intermetallic compounds

Phase Structure Lattice parameters (A)
L1, a=3.967
Al Ti a=3.848
DO,
c=8.596
Al,Sc L1, a=4.103

Mismatch with Al Absolute mismatch, & Ref.
-2.04% 2.04% [28]
-4.98%

5.36% [28]
+6.13%
+1.32% 1.32% [28]
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4.2 Mechanical properties

The hardness of the four alloys gradually increases during the
artificial aging at 120 °C, as shown in Fig. 9. This is mainly
attributed to the gradual precipitation of ' (MgZn,) phase in
the a-Al matrix, which can effectively hinder the movement of
dislocations, and then enhance the mechanical properties ***?.
As can be seen in Fig. 10, no obvious improvement of the UTS
and YS of the four alloys was observed. The solidification of
7S and 7SZ alloys forms the primary Al;Sc and Al;(Sc, Zr)
phase, which consumes a large amount of Sc and Zr atoms,
resulting in lower supersaturation of Sc and Zr in the a-Al
matrix, and almost no nanoscale Al;Sc and Al;(Sc,_Zr,)
precipitates during heat treatment. Therefore, the precipitation
of ' (MgZn,) phase from the a-Al matrix during the artificial
aging process will not be affected. The close hardness
values of the four alloys reflected in Fig. 9 can also explain
this phenomenon. The strength of aluminum alloys can be
improved by refining the grain size, and the strengthening
effect is given by Refs. [33, 34]:

o, =0+ kd™"? D

where o, is the yield strength, o, is a constant, k is about
68 MPa-um'” for aluminum alloy, d is the average grain size.
Considering the lower aging temperature of 120 °C has little
effect on the grain size, the microstructure in as-solution state
is used to investigate the refining effect of Ti, Sc and Sc+Zr
addition rather than solution and aging state. As shown in
Fig. 6, the addition of Ti, Sc and Sc+Zr reduces the grain size
from 286 pum of the 7 alloy to 88 pum, 87 um and 91 um after
solution heat treatment, respectively. Calculated from Eq. (1),
the strength increment is 3.2 MPa of 7T alloy, 3.3 MPa of 7S
alloy and 3.1 MPa of 7SZ alloy. In other words, the effect of
the grain refining of the alloys on the strength increment is not
significant. Therefore, the main strengthening effect of all the
alloys in this study is primarily achieved by the precipitation
of nano-scale ' (MgZn,) phases. Moreover, the hardness
variation of the studied alloys in Fig. 9 also confirms that
the addition of minor Ti, Sc and Sc+Zr generates little extra
precipitation strengthening effect by nano-scale Al;Sc and
Al;(Sc, Zr) phase. As a result, the strength of the four alloys
is very close, as shown in Fig. 10. The process of preparing
semisolid slurry is at 650 °C for 100 s, which is lower than
the precipitation temperature of Al;Sc and Al;Zr (as shown
in Fig. 11). The cooling rate of the melt is very slow in this
process, only about 0.1 °C-s™. The lower cooling rate results
in the small degree of undercooling, so that the nucleation rate
of the primary phases [primary Al,;Sc, Aly(Sc, Zr) and Al Zr]
is low. In addition, the swirling of the crucible during the
preparation of the semisolid slurry makes the temperature and
composition of the melt more uniform, which promotes the
gradual growth of the nucleated primary phases. Finally, the
firstly solidified primary Al;Sc and Al;Zr are easily coarsened
during the preparation of semisolid slurry, while in the later
heat treatment process, they have excellent thermal stability

and generate little strengthening effect by the precipitation of
nano-scale Al,;Sc and Al;(Sc, Zr) phase. Furthermore, because
of the presence of coarse primary Al;Sc and Aly(Sc, Zr) phase
(as shown in Fig. 8), it is easy to cause stress concentration
and microcracks at the interface between primary phases and
a-Al in the tensile experiment, so the elongation of 7S and 7SZ
alloys decreases sharply. The morphology of AL, Ti phase is
fine and small point-like in 7T alloy [Fig. 8(b)]. That is to say,
no coarse primary AL;Ti phase is formed, and then the crack is
not easy to initiation and propagation. Therefore, the 7T alloy
possesses higher elongation than the 7S and 7SZ alloys.

5 Conclusions

(1) The average a-Al diameters of the semisolid slurry of the
Al-6Zn-2Mg-2Cu alloy from the edge to the center are 173 um,
174 pm, 186 pm, respectively. The addition of Ti, Sc and Sc+Zr
refines the a-Al grain size, improves the homogeneity and
promotes the formation of spherical structure of the semisolid
slurry.

(2) The average a-Al grain size of the as-cast 7 alloy is 85 um,
while the average grain sizes of the alloy with a small amount
of Ti, Sc and Sc+Zr are 72 pm, 68 pm and 74 um, respectively.
After solution heat treatment, the average grain size of the
7 alloy increases to 286 um, while the grain size of 7T, 7S
and 7SZ alloys slowly increases to 88 um, 87 um and 91 pm,
respectively. It is clearly shown that the addition of Ti, Sc and
Sc+Zr to Al-6Zn-2Mg-2Cu alloy strongly inhibits the grain
growth during solution heat treatment.

(3) The eutectic phases of the four as-cast alloys are mainly
Mg(Al, Cu, Zn), phase. The addition of Sc and Sc+Zr leads to
the formation of coarse primary Al;Sc and Al;(Sc, Zr) phase
in o-Al grains, while the Ti addition only forms small Al,Ti
phase. After solution heat treatment, most of the Mg(Al, Cu, Zn),
phases dissolve into a-Al matrix, and a new Al,CuMg phase is
formed.

(4) The refinement of alloy microstructure by adding trace
Ti, Sc and Sc+Zr does not contribute much to the strength of
the aluminum alloy. The elongation of 7S and 7SZ alloys is
about 35% lower than that of 7 alloy, while the elongation of
7T alloy reaches 13.4%, which is 26% higher than that of the
7 alloy. With the tensile strength of 553 MPa and yield strength
of 463 MPa, the comprehensive mechanical properties of the
7T alloy are the best.
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