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Abstract: Al-Zn-Mg-Cu-Zr alloys containing Yb were prepared by cast metallurgy. Effect of 0.30% Yb additions on the
microstructure and properties of 7A60 aluminum alloys with T6 and T77 aging treatments was investigated by TEM, optical
microscopy, hardness and electric conductivity measurement, tensile test and stress corrosion cracking test. The results show that the
Yb additions to high strength Al-Zn-Mg-Cu-Zr aluminum alloys can produce fine coherent dispersoids. Those dispersoids can
strongly pin dislocation and subgrain boundaries, which can significantly retard the recrystallization by inhibiting the nucleation of
recrystallization and the growth of subgrains and keeping low-angle subgrain boundaries. Yb additions can obviously enhance the
resistance to stress corrosion cracking and the fracture toughness property, and mildly increase the strength and ductility with T6 and

T77 treatments.
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1 Introduction

Ultra-high strength Al-Zn-Mg-Cu aluminum alloys
with low density and good machining properties have

been widely used in the military and aerospace industries.

However, this series of alloys are susceptible to stress
corrosion cracking(SCC), which limits their usefulness
[1-3]. People have done abundant researches in order to
improve the combined properties of ultra-high strength
Al-Zn-Mg-Cu aluminum alloys.

The Alcoa’ T77 temper[4—5] can combine strength
with resistance to corrosion favorably by precipitates in
matrix presenting as T6 temper and precipitates at grain

boundaries presenting as over-aged state by retrogression.

However, intergranular cracking is still very notable,
since a lot of precipitates concentrate at the grain
boundaries after temper in the high-level alloyed
ultra-high strength aluminum alloys.

In recent years, TANAKA et al[6—7] have
remarkably improved the SCC resistance of the
T6-tempered 7475 and formed
deformation reversion texture with low-angle grain
boundaries by warm deformation processing. However, it

aluminum alloy

is difficult to obtain the uniform warm deformation of
ultra-high strength Al-Zn-Mg-Cu aluminum alloys, and
the higher temperature deformation results in partial
recrystallization.

Sc is the most effective micro-alloying element in
aluminum alloys[8—9]. The effect can be more
remarkable by replacing partial Sc with Zr to produce
Al;(Sc, Zr) dispersoids[10—11]. But expensive Sc
additions are difficult to be extensively applied. The
cheaper rare-earth element additions are being studied to
replace Sc[12—13].

In this work, the authors found that the addition of
rare-carth element Yb, less expensive than Sc, could
obviously suppress the recrystallization, improve the
strength and fracture toughness, as well as remarkably
enhance SCC resistance of 7A60 alloy, and had applied
two patents[14—15]. The effect of rare-earth element Yb
on the microstructures, mechanical properties and SCC
of ultra-high strength aluminum alloys are reported in the
present work.

2 Experimental

The 7A60 alloys of chemical composition given in
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Table 1 were investigated. High purity aluminum
(99.9%), magnesium (99.9%), zinc (99%), and Al-Zr,
Al-Cu and Al-Yb alloys as raw materials were smelted
into the alloys. The smelting temperature was kept at
700-740 ‘C and cast into d45 mm ingot in graphite
mould.

The cast ingots were homogeneously annealed at
465 C for 24 h, then were extruded at 410430 °C into
plate at 12.2 extrusion ratio. The extruded samples were
held at 450 °‘C and 470 ‘C respectively for 1 h, then kept
at 480 “C for 2 h for further solution treatment, then were
quenched by cold water. The samples were tempered
artificially with T6 and T77 treatment, respectively.
Ageing process of all samples is listed in Table 2.

Table 1 Chemical composition of aluminum alloys (mass
fraction, %)
Sample Zn Mg Cu Zr

Yb Trace elements Al

7A60 832 247 213 0.15 - <0.20 Bal

TA60+

830 246 2.14 0.15 0.30 <0.20 Bal

Table 2 Technical parameters of 7A60 and 7A60+Yb alloys

Sample Aging
7A60-1
T6,130 'C, 24 h
7A60+Yb-1
7A60-2 T77,130 'C,24 h+173 C, 3 h+
7A60+YDb-2 130 'C,24 h

The hardness(HRB), tensile properties and electric
resistance of the tempered plates were tested in
HBRVU-187.5 sclerometer, CSS-44100 testing machine
and SX1931 digital ohmmeter (four-probes method),
respectively.

The samples for optical microscope observation
were divided into two groups. The first was anode
coating after being electro-polished and then the
recrystallization behavior of the alloy was observed by
optical polarized microscopy(OM) on a Polyver-Met
optical microscope. The second was etched with
modified Keller’s reagent and then the growth of
subgrains was observed by OM. Thin foils for TEM were
prepared by twin jet-polishing in electrolyte solution of
HNO; and methyl alcohol (volume ratio, 1:3) and then

Table 3 Mechanical properties of 7A60 and 7A60+Yb alloys

were examined on H-800 transmission electron micro-
scope.

Stress corrosion crack growth rate measurements
were carried out in double cantilever beam(DCB)
specimens in 3.5% NaCl solution at (35+1) ‘C according
to the Chinese GB/T12445.1—1990 specification. For
stress intensity factor Kj corresponding to crack
expansion in stress corrosion, the dimension of samples
accorded with B = 2.5(Kid/oy,)* and (1-a) = 2.5
(Kic/ 00.2)2-

3 Results

3.1 Tensile properties, hardness, electric resistance

and fracture toughness

The tensile properties, hardness and electronic
resistance of the T6 and T77-tempered alloys are shown
in Table 3. Yb additions can moderately improve the
hardness, strength, elongation, fracture toughness and
decrease the electronic resistance of ultra-high strength
7A60 alloy in T6 and T77 temper. According to the
relationship between electric resistance and resistance to
stress corrosion, SCC resistance of 7A60 alloy could be
improved to some degree with Yb additions.

3.2 Stress corrosion susceptibility

The effects of Yb additions on the stress corrosion
cracking growth rate of DCB samples of T6 and
T77-tempered 7A60 alloy are shown in Fig.1. It is found
that the resistance to SCC of 7A60 alloy with Yb
additions is obviously improved.

In peaking ageing state (Fig.1(a)), the growth rate of
SCC of 7A60 alloy is high. Yb additions can remarkably
decrease the growth rate of SCC of the alloy and enhance
the critical stress intensity Kiscc from 9.8 MPa-m'? to
17.0 MPa:m'”.

In retrogression and re-ageing state (Fig.1(b)), the
SCC resistance of 7A60+Yb-2 alloys is obviously
enhanced compared with that of 7A60-2 alloys.
Moreover, the growth rate of SCC of 7A60-2 alloy with
T77-temper is higher than that of 7A60+Yb-1 alloy with
T6-temper, and the critical stress intensity Kigcc of
7A60+Yb-1 alloy with T6-temper is 17.0 MPam'?
which is higher than that of 7A60-2 alloy with T77-
temper.

Sample Aging o,/MPa 00,/MPa 010/% HRB p/(Qnm) Kic/(MPa-m'"?)

7A60-1 T6 711.7 685.4 8.9 96.7 59.6 23.7
7A60+YDb-1 T6 728.7 698.2 10.1 99.1 55.6 324

7A60-2 T77 696.2 680.9 9.3 96.0 46.3 22.1
7A60+YDb-2 T77 702.8 698.5 9.6 98.5 44.6 31.2
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3.3 Microstructures

Fig.2 shows the effects of Yb additions on the
optical microstructure of 7A60 alloy. During the high
temperature solution treatment, 7A60 alloy containing Zr
partially recrystallizes (Figs.2(a) and (c)) and 7A60+Yb
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alloy maintains the fiber-like nonrecrystallization
morphology (Figs.2(b) and (d)). That is, the recrystalliza-
tion of Al-Zn-Mg-Cu alloy can not be completely
inhibited only by Zr additions. However, Yb and Zr
additions can remarkably enhance the resistance to recry-
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Fig.1 Relationships between SCC growth rate and stress intensity factor in dropwise 3.5% NaCl environment for 7A60 alloys with

Yb addition in different ageing treatments: (a) T6; (b) T77

Fig.2 Optical microstructures of two studied alloys with solution treatment: (a) 7A60-1(L-T surface); (b) 7A60+Yb-1(L-T surface);

(c) 7A60-1(L-S surface); (d) 7AYb+Yb-1(L-S surface)
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stallization of Al-Zn-Mg-Cu alloy.

Fig.3 shows the effects of Yb additions on the
optical microstructure of 7A60 alloy after being etched
with modified Keller’s reagent. The subgrains of 7A60
alloy containing Zr grow up (Fig.3(a)). Structure with
adding 0.30%Yb of 7A60 alloys presents complete fiber
characteristics, and no subgrain growth occurs (Fig.3(b)).

It is found that the growth of subgrains of 7A60 alloy
with Yb additions is obviously restrained.

TEM images of T6-tempered 7A60+YDb alloy are
shown in Fig.4. It can be seen from Figs.4(a)—(c) that
Al;Zr bar particles and 10—50 nm spherical dispersoids
coherent with the matrix disperse in the grain and at the
grain boundary. The spherical coherent dispersoids

Fig.4 TEM images of T6-tempered Al-Zn-Mg-Cu-Zr alloy (7A60+Yb)
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contain Yb, Zr and Al according to EDX analysis. The
dislocation and subgrain boundaries can be pinned by the
fine coherent spherical dispersoids and therefore the
subgrains are stabilized, as shown in Figs.4(a) and (b),
thus inhibiting subgrains growth and recrystallization. As
shown in Fig.4(d), the coarse and discontinuous 50—80
nm equilibrium precipitates exist at the grain boundaries
in the To6-tempered alloy, and around the grain
boundaries exists the narrow precipitate-free zone with
width of 10 nm, which can reflect the characteristics of
low angle grain boundary in unrecrystallized micro-
structure.

4 Discussion

As mentioned above, Yb additions to 7A60 alloy
can moderately improve the strength, ductility, fracture
toughness, as well as remarkably enhance the SCC
resistance of 7A60 alloy with T6 and T77 treatments.
The effects of Yb additions result from a lot of tiny
coherent dispersions containing Yb, Zr and Al in the
alloy. The fine coherent dispersoids have precipitation
strengthening effect. The dispersoids can retard
recrystallization and subgrains growth, as shown in
Figs.4(a), (b) and (c), and result in substructure
strengthening. Both  effects contribute to the
improvement of the strength.

The coherent dispersions in 7A60+Yb alloy can
also stabilize the deformation reversion microstructure
(Figs.2(b) and (d)) with low-angle subgrain boundaries
(Fig.3(b)) or grain boundaries by inhibiting the
movement of the subgrain boundaries and retarding the
transformation of subgrain boundaries to high-angle
grain boundaries. Since the low-angle grain boundary
energy is much smaller than the high-angle one, the
energy difference between grain boundaries and grain
interior can be reduced in the unrecrystallized 7A60+Yb
alloy. So, the aggregation of the precipitates at the grain
boundary can be decreased due to the energy decrease in
the unrecrystallized 7A60+Yb alloy. Moreover, coarse
and discontinuous grain  boundaries  #7(MgZn,)
precipitates (Fig.4(c)) retard anodic dissolution and
decrease the stress corrosion cracking susceptibility. In
addition, the coherent dispersoids can not be sheared and
can be only bypassed by the dislocation, so preventing
the coplanar dislocation slip and improving the
deformation uniformity in grains. Both effects of
coherent dispersoids are beneficial to the resistance to
grain boundary cracking, and result in the improvement
of the ductility and SCC resistance.

5 Conclusions

1) Yb additions can moderately improve the

strength, ductility, fracture toughness, as well as
remarkably enhance the SCC resistance of 7A60 alloy
with T6 and T77 treatment.

2) Yb additions to 7A60 alloy can produce fine
coherent dispersoids that can effectively inhibit the
movement of dislocation and subgrain boundaries, retard
the recrystallization and keep low-angle subgrain
boundaries.
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