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Abstract: The effect of Yb addition on the strength and fracture toughness of Al-Zn-Mg-Cu-Zr aluminum alloy was investigated by
measuring tensile properties and fracture toughness. The surface morphology was observed by optical microscopy, scanning electron
microscopy and transmission electron microscopy. The results show that Yb addition can produce fine coherent Yb contained
dispersoids. Those dispersoids trend to inhibit Al matrix recrystallization and retain the recovery deformed microstructure. Compared
with Al-Zn-Mg-Cu-Zr alloy, Yb contained alloy demonstrates mechanical property improvements from 710 MPa to 747 MPa for
ultimate strength, from 684 MPa to 725 MPa for yield strength, from 21 MPa'm"? to 29 MPa-m'? for fracture toughness with T6

treatment.
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1 Introduction

Al-Zn-Mg-Cu series high-strength aluminum alloys
with high specific strength and excellent mechanical
properties have been the primary structural materials of
aerocraft in the space and ground transportation
vehicles[1]. But the requirements for high yield stress
and good fracture toughness to be
contradictory[2—3]. This has hampered the extensive
development and utilization of high-strength 7xxx series
aluminum alloys. The relationships between micro-
structure and those two properties have been the focus of
much research effort.

Adding trace elements to high-strength aluminum
alloys can enhance their mechanical properties. It is
found that trace elements and aluminum can form
dispersoids to improve the recrystallization resistance of
aluminum alloys[4—6], control the structure of grain
boundary etc. These can stop cracks penetration along
grain boundary[7—8]. Scandium is the most effective
micro-alloying element in aluminum alloys. Scandium is
sparingly soluble in aluminum in the solid state. At
elevated  temperatures, supersaturated

are known

solution

decomposes, to precipitate Al;Sc (L1,) phase. This phase
of spherical particles can be very finely dispersed to
improve strength for aluminum alloys. The effect can be
enhanced by replacing partial Sc with Zr to produce
Al3(Sc,Zr) dispersoids to increase mechanical properties
of aluminum alloys[9]. But expensive Sc addition is
difficult to extensively apply[10]. The cheaper rare-earth
elements are studied to replace Sc[11-12].

The present authors found that the addition of
rare-earth element ytterbium, much cheaper than Sc, can
enhance the recrystallization resistance and improve both
strength and fracture toughness of Al-Zn-Mg-Cu-Zr
alloy. Two patents have been generated[13—14]. In this
work, the mechanism of the effect of ytterbium addition
on strength and fracture toughness of Al-Zn-Mg-Cu-Zr
alloy is investigated.

2 Experimental

Table 1 lists the nominal chemical composition of
the experimental alloys. High purity elemental aluminum
(99.9 %), magnesium (99.9 %), zinc (99%), and Al-Zr,
Al-Cu, Al-YD alloys as raw materials were smelted. The
smelting temperature was kept at 700—740 C and the
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Table 1 Nominal chemical composition of studied alloys (mass fraction, %)

Alloy Zn Mg Cu Zr Yb Trace elements Al
A-Zn-Mg-Cu-Zr 8.60 2.5 2.2 0.16 - <0.20 Bal.
Al-Zn-Mg-Cu-Zr-Yb 8.60 2.5 2.2 0.16 0.3 <0.20 Bal.

metals were cast into d45 mm ingot in graphite mould.

The cast ingots were homogeneously annealed at
465 °C for 24 h, then extruded at 410—430 °C into plate.
The extrusion ratio used is 12.2. The extruded samples
were held at 450 ‘C and 470 C separately for 1 h, then
kept at 485 °‘C for 2 h for stepped solution treatment,
prior to quench into cold water. The samples were
tempered at 130 ‘C for 24 h for artificial T6 treatment.

Tensile properties and fracture toughness were
measured by a CSS-44100 testing machine. Volume
electric conductivity was tested by a SX1931 digital
micrometer (four-probe method).

The samples for optical microscopy observation
were divided into two groups. One was anode coated
after  being electro-polished, and then the
recrystallization behavior was observed by optical
polarized microscopy (OM) on a Polyver-Met optical
microscope. The second was etched with modified Keller
reagent, and then the growth of subgrains was observed
by OM. Thin foils for TEM observation were prepared
by twin jet-polishing in electrolyte solution of nitric acid
and methyl alcohol (1:3) and then examined on Tecnai
G20 and H-800 transmission electron microscope.
Fractography was examined on KYKY-2800 scanning
electron microscope. Grain boundary character
distributions was studied by EBSD.

3 Experimental results

3.1 Tensile properties

The tensile properties are displayed in Table 2. It
can be seen that Yb addition can improve the mechanical
property of Al-Zn-Mg-Cu-Zr alloy. The ultimate strength
is increased from 710 MPa to 747 MPa, yield strength
from 684 MPa to 725 MPa, and the elongation from
8.9% to 9.7%, respectively.

Table 2 Mechanical properties of studied alloys

Alloy o,/MPa 09,/MPa 0/%
Al-Zn-Mg-Cu-Zr 710 684 8.9
Al-Zn-Mg-Cu-Zr-Yb 747 725 9.7

3.2 Fracture toughness

Table 3 lists the fracture toughness of the
experimental alloys. It can be seen that Yb addition can
improve the fracture toughness of Al-Zn-Mg-Cu-Zr
alloys from 21 MPa-m"? to 29 MPa-m"? The electric

conductivity is also improved by the addition of Yb.
According to the relationship between electric
conductivity and resistance to stress corrosion, SCC
resistance of AL-Zn-Mg-Cu-Zr alloys can be improved
to some degree with Yb addition. From Table 2 and
Table 3, we can see that addition of Yb to Al-Zn-Mg-Cu-
Zr alloy can enhance synthetical property of the alloy.

Table 3 Fracture toughness of studied alloys

Alloy KIC(S-LI)/; Volu.m.e electric
(MPa-m™?)  conductivity (IACS)/%
Al-Zn-Mg-Cu-Zr 21 28.6
Al-Zn-Mg-Cu-Zr-Yb 29 32.6

3.3 Microstructure

Fig.1 shows the optical microstructures of
experimental alloys. The microstructures of hot extruded
Al-Zn-Mg-Cu-Zr alloy and Al-Zn-Mg-Cu-Zr-Yb alloy
maintain the fiber-like nonrecrystallization morphology
(Figs.1(a) and (c)). It can be seen that the structures of
Al-Zn-Mg-Cu-Zr alloy are composed of equiaxial grains
and some of them begin to grow up after solution at 485
‘C for 2 h (Fig.1(b)). Some recrystal grains appear after
solution at 485 ‘C for 2 h, but the fiber-like nonrecry-
stallization morphology is still clearly discernible in
grain structures of Al-Zn-Mg-Cu-Zr-Yb alloy (Fig.1(d)).
The addition of Yb can enhance the recrystallization
resistance of Al-Zn-Mg-Cu-Zr alloy.

Fig.2 shows EBSD maps and grain boundary
character distributions of the studied alloys. From
Figs.2(a) and (c), it can be seen that after solution
treatment the grain boundary character distributions of
Al-Zn-Mg-Cu-Zr alloy are mainly in high angle
boundary of 25°-55°. From Figs.2(b) and (d), those of
Al-Zn-Mg-Cu-Zr-Yb alloy are mainly in low angle
boundary of 0°—20°. It is found that the transformation
from the recovery deformed Al matrix to subgrain
microstructures has been baffled by the addition of Yb
and the addition of Yb can enhance the recrystallization
resistance of Al-Zn- Mg-Cu-Zr alloy.

Fig.3 shows the TEM micrographs of T6-tempered
samples. It can be seen from Figs.3(a)—(c) that spherical
dispersoids coherent with the matrix disperse in the grain
and at the grain boundary in Al-Zn-Mg-Cu-Zr-Cr-Yb
alloy. The dispersoids contain Yb, Zr and Al according to
EDX analysis. These fine spherical dispersoids of 10—-30
nm uniformly disperse in the matrix and may be formed
during the anneal treatment or hot-working processing.
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Fig.1 Optical micrographs of alloys at different annealing condition: (a) Al-Zn-Mg-Cu-Zr alloy in hot extruded condition; (b) Al-Zn-

Mg-Cu-Zr alloy treated at 485 C for 2 h; (¢) Al-Zn-Mg-Cu-Zr-Yb alloy in hot extruded condition; (d) Al-Zn-Mg-Cu-Zr-Yb alloy
treated at 485 C for2h
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Fig.2 EBSD maps and grain boundary character distributions from EBSD maps: (a) EBSD map of Al-Zn-Mg-Cu-Zr alloy; (b) EBSD

map of Al-Zn-Mg-Cu-Zr-Yb alloy; (c) Grain boundary character distributions of Al-Zn-Mg-Cu-Zr alloy; (d) Grain boundary
character distributions of Al-Zn-Mg-Cu-Zr-Yb alloy
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Fig.3 TEM bright-field images of T6-tempered alloys: (a)—(d) Al-Zn-Mg-Cu-Zr-Yb alloy; (e)—(f) Al-Zn-Mg-Cu-Zr alloy

They can pin dislocation and subgrain boundaries
(Figs.3(a) and (b)) and therefore, inhibit subgrains
growth and retain the recovery deformed Al matrix. As
shown in Fig.3(d), the coarse and discontinuous
equilibrium precipitates exist at the grain boundaries in
the T6-tempered alloy. Around the grain boundaries there
is narrow precipitate-free zone with width of 10 nm. By

contrast, continuous equilibrium precipitates exist at the
grain boundaries in T6-tempered Al-Zn-Mg-Cu-Zr alloy,
as shown in (Figs.3(e) and (f)).

3.4 Fractography
The images of fracture surface of T6-tempered
samples are shown in Fig4. The fractograph of



ZHANG Zhuo, et al/Trans. Nonferrous Met. Soc. China 18(2008) 1041

Al-Zn-Mg-Cu-Zr alloy shows intergranular cracking.
The dimple-type transgranular cracking dominates on the
fracture surface of Al-Zn-Mg-Cu-Zr-Yb specimen. The
number of the secondary cracks distributed on the grain
and subgrain boundary is decreased.

10 um |

Fig.4 Fractographs of T6-tempered alloys: (a) Al-Zn-Mg-Cu-Zr;
(b) Al-Zn-Mg-Cu-Zr-Yb

4 Discussion
4.1 Effect of Yb on

crystallization
The second dispersoids inhibit recrystallization

inhibiting Al matrix re-

when the interparticle distance A and the particle
diameter d is small (A<<1 pm, d<<0.3 um).

An estimation of the Zener drag, assuming a
random spatial correlation between the boundaries and
the dispersoids, is given by[15]

P,=3¢pyGB/2r €]

where r is the radius and ¢ is the volume fraction of
dispersoids. It shows that a high volume fraction of small
dispersoids (large ¢/r-ratio) is necessary in order to
overcome the driving force for boundary migration and
achieve high recrystallization resistance. The size of the
fine spherical dispersoids containing YD is approximately
10—30 nm and the distance between the dispersoids is
also small (Fig.3(c)). This satisfies the condition of
dispersoids hampering the recrystallization. Therefore,
the dispersoids can strongly pin dislocation and subgrain
boundaries. Consequently, they can restrict the

recombination of the dislocations and the movement of

(Fig.3(b)),
recrystallization and enhance the

the subgrains effectively delay the
recrystallization

resistance of Al-Zn-Mg-Cu-Zr alloy.

4.2 Strengthening mechanism of Yb

Yb addition can improve the mechanical properties
of Al-Zn-Mg-Cu-Zr alloy. The strengthening due to Yb
addition mainly results from the dispersoid strengthening,
fine-grain strengthening and dislocation strengthening.

1) Dispersoid strengthening

When dislocations have been inhibited by the Yb
contained dispersoids in the slipping planes (Fig.3(b)),
they will bypass the dispersoids through Orowan
mechanism and leave dislocation loops behind. Those
will induce reverse stress for the sources of dislocation
and increase the moving resistance of the following
dislocations and the flow stress. Consequently, they will
lead to dispersoid strengthening effect.

According to Orowan dislocation strengthening, the
strength increment is given by

_2Gb

Aay,or = I,

2
where Lg is the interparticle spacing of dispersoids, G
and b refer to the shear modulus of the matrix and
Burger’s vector of the dislocation.

Assuming that the dispersoids are uniformly
distributed in the Al matrix in the form of cube, the
interparticle spacing can be given by

2
Ly =0.6d(=5)"?
d

€)

where d is the diameter of the dispersoids, ¢4 is the
volume fraction of dispersoids.

2) Fine-grain strengthening

The Yb contained dispersoids can restrict re-
crystallization and inhabit the growth of grain, leading to

fine-grain  strengthening. According the standard
Hall-Petch equation:
Aoy, gain=K-d '? )

where d is the average grain size and K is a parameter
that describes the relative strengthening contribution by
grain boundaries. Clearly, the smaller the grain size, the
higher the strength of the alloy. The fine dispersoids
containing Yb can strongly inhibit recrystallization and
the  growth  of  subgrains.  Therefore, the
Al-Zn-Mg-Cu-Zr-Yb  alloys maintain  low-angle
subgrains and lead to fine-grain strengthening.

3) Dislocation strengthening

High density dislocations in deformed micro-
structures could be reserved due to the dispersoids
containing Yb pining the dislocations and grain
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boundaries strongly (Fig.3(b)). The movement of the
dislocations will be blocked by the interaction between
the moving dislocations. Partial of work-hardening
strengthening is kept in Al-Zn-Mg-Cu-Zr-Yb alloy. The
work-hardening strengthening is usually described by the
Bailey-Hirsch relation[16]:

AO-y, deformation— &2 Gbp 2 (5 )

The density of dislocations (p) has a linear
relationship with the volume fraction of dispersoids (gq)

(p=04/(1.21d%)).

4.3 Effect of Yb on fracture toughness

The extent of recrystallization has great effect on
the fracture toughness of aluminum alloys. From the
optical and TEM microstructures, it can be seen that the
dispersoids containing Yb in Al-Zn-Mg-Cu-Zr-Yb alloy
(Figs.3(b) and (c)) can inhibit the Al
recrystallization, and maintain the reverse deformed
microstructures  (Figs.2(b) and (d)). The reverse
deformed small fiber-like nonrecrystallization micro-
structure is beneficial to improving fracture toughness of
aluminum alloy.

The energy of low-angle boundaries in the reverse
deformed microstructure is lower than that of high-angle
boundaries. The aging precipitation at high-angle
boundaries is much easier than that at low-angle
boundaries. Due to grain boundary difference,
discontinuous equilibrium precipitates exist at the grain
boundaries of Al-Zn-Mg-Cu-Zr-Yb alloy (Fig.3(d)) and
continuous equilibrium precipitates exist at the grain
boundaries of Al-Zn-Mg-Cu-Zr alloy (Figs.3(e) and (f)).
Contrast to the continuous precipitation, the dis-
continuous precipitation on grain boundary is beneficial
to improving grain boundary fracture resistance and
fracture toughness of aluminum alloy. Al-Zn-Mg-Cu-
Zr-Yb alloy has higher fracture toughness than
Al-Zn-Mg-Cu-Zr alloy because of different grain the
boundary structure.

matrix

5 Conclusions

1) Yb addition to Al-Zn-Mg-Cu-Zr alloy can
produce fine coherent dispersoids that can effectively pin
the dislocations and subgrain boundaries, and enhance
the resistance to recrystallization of Al-Zn-Mg-Cu-Zr
alloy.

2) 0.3%Yb addition to Al-Zn-Mg-Cu-Zr alloy can
improve the ultimate strength from 710 MPa to 747 MPa,
yield strength from 684 MPa to 725 MPa, fracture

toughness from 21 MPa-m"? to 29 MPa'm"® with T6
treatment.
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