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Abstract: The influence of Li addition on mechanical property and aging precipitation behavior of Al-3.5Cu—1.5Mg alloy was
investigated by tensile test, scanning electron microscopy (SEM), transmission electron microscopy (TEM) and high resolution
transmission electron microscopy (HRTEM). The results show that the tensile strength can be significantly improved with the slightly
decreased ductility and the form of fracture morphology is converted from ductile fracture into ductile/brittle mixed fracture by
adding 1.0% Li. Besides, the peak aging time at 185 °C is delayed from 12 to 24 h and the main precipitation phase S'(Al,CuMg) is
converted into S' (Al,CuMg)+d'(Al;Li), while the formation of S'(Al,CuMg) is delayed.
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1 Introduction

Al-Cu—Mg alloys generally have a desirable
combination of density, strength, damage tolerance,
which are suitable for aeronautical and aerospace
components [1]. The strengthening effect of the
Al—Cu—Mg alloys leans mainly upon the volume fraction
and radius of the second phase [2,3]. For Al-Cu—Mg
alloys in the a+S phase field, the precipitation sequence
is as follows [4,5]:

SSS— GPB/co-clusters— GPB2/S" — §'/S (Al,CuMg)

where SSS stands for supersaturated solid solution. The
S” can be understood as a phase which is highly coherent
with Al matrix. The S phase, which forms as laths on
{210}, habit planes, is elongated along (100)4.
Orthorhombic crystal structure (Cmcm, a=0.400 nm,
b=0.923 nm, ¢=0.714 nm) is the stable structure of S
phase [4,5].

Micro-alloying additions are known to affect
precipitation processes of Al-Cu—Mg alloys in many
ways, so that the response to age-hardening is enhanced
[4-6]. A group of potentially age-hardenable alloys,
which are around the composition range Al-(2—4)Cu—
(1-2)Mg with Mn [6], Sn [7], Ag [8], Zr and/or Sc [6]
additions , have been investigated.

Lithium is the lightest metallic element, which
reduces the density and increases the modulus of
Al-based alloys. The presence of Li in AlI-Cu—Mg alloy
can cause a range of new phases. Aging precipitations in
Al-Cu—Mg-Li alloy are as follows: S(AlL,CuMg);
0'(Al,Cu); Ti(Al,CuLi); 0'(AlLi)[4,9-11]. In high-
copper alloys, such as AA 2050 (Al-3.5Cu—1.3Li—
0.6Mg [9]), the plate-shaped T7; (Al,CuLi) phase
nucleating on {111} matrix plane plays an important role
in precipitation  strengthening. And  &'(Al,Cu),
T\(AlL,CuLi) phases can be observed in AA 2195
Al-4.01Cu—1.1Li—0.39Mg—-0.19Zr alloy [10]. In
Al-Cu—Mg-Li(Mn,Zr) alloy, another precipitation
sequence has been reported, which is different from the
sequence in o+S phase field AI-Cu—Mg alloys [11].

SSS— J'(ALLi)— S(AILi)

where J' is an L1, ordered phase (Al;Li) and fully
coherent with the Al matrix, and ¢ is equilibrium Al-Li
phase.

However, it is not available that the systematical
study about the effect of Li addition on microstructure
and properties of Al-3.5Cu—1.5Mg alloy. In Al-3.5Cu—
1.5Mg alloy, mole ratio of copper to magnesium is about
1. The purpose of this work is to study the effect of Li
addition on microstructures and properties of
Al-3.5Cu—1.5Mg alloy (in a+S phase field), to highlight
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how the Li addition alters the main properties and
precipitation, and to explore the interaction between S
(ALL,CuMg) and ¢'(Al;Li).

2 Experimental

Two kinds of investigated alloys were prepared
through ingot metallurgical route in the laboratory and
cast in argon atmosphere. Raw materials included high
purity Al (99.998%), Mg (purity 99.98%), Zn (purity
99.98%),  Al-30%Cu,  Al-15%Mn,  Al-3%Li,
Al-5%Ti—B. The alloys were melted in a graphite
crucible and heated by an electrical resistance furnace.
The temperatures of melting, refining and casting were
750-780 °C, 730-750 °C, 720-730 °C, respectively.
Liquid metal was then poured into an iron mold to obtain
30 mmx80 mmx120 mm (thickness x width X length)
ingot. The chemical composition of the alloys is shown
in Table 1. After being homogenized at 490 °C for 24 h,
the ingots would be hot-rolled and cold-rolled to 3 mm-
thick sheets at the initial rolling temperature of 420 °C.
Samples cut from the sheets were solution treated at 510
°C for 2 h, followed by being quenched into water at
room temperature and subsequently aging at 185 °C for
various time.

In order to study the effects of Li addition in
Al-Cu—Mg alloy, tensile specimens were sectioned
parallel to the rolled direction. AISM—6360LV scanning
electron (SEM) and TECNAIG*20
transmission electron microscope at an acceleration
voltage of 200 kV were used to study the second phase.
Specimens for transmission electron microscopy (TEM)
and high resolution transmission electron microscopy
(HRTEM) were prepared by mechanical grinding and
twin-jet electropolishing.

microscope

Table 1 Chemical composition of studied aluminum alloys

(mass fraction, %)

AlloyNo. Cu Mg Mn Ti Zn Li Al
1 347 145 046 0.06
2 346 146 049 0.07 0.19 1.01 Bal

0.21 - Bal.

3 Results and analysis

3.1 Mechanical property

The tensile test results of the two Al alloys are
shown in Fig. 1. The results show that, with the increase
of aging time, the strengths of the two alloys increase to
their peak and then decrease while the ductilities
decrease a little. And obviously, the aging precipitation
behavior of the Al-3.5Cu—1.5Mg alloy can be affected
by the addition of Li. The peak aging strength is
improved by 20 MPa and the ductility decreases from

20.1% to 15.8%. Meanwhile, the time of the peak aging
is delayed significantly.

SEM fractographs of the two specimens under 185
°C peak aging conditions are shown in Fig. 2. It can be
observed that these fracture surfaces are mainly
composed of ductile transgranular fracture and ductile
intergranular fracture. For the two alloys, owing to the
addition of Li, the dominating fracture type changes from
dimple fracture to intergranular fracture. This is
consistent with the decrease of the elongation, as shown
in Fig. 1.
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Fig. 1 Mechanical properties of two alloys

Fig. 2 SEM fractographs of two specimens peak aged at 185
°C: (a) Alloy 1; (b) Alloy 2
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3.2 Aging precipitation behavior

TEM and HRTEM images of Alloy 1 aged at 185
°C for 12 h are shown in Fig. 3. TEM bright field
micrograph and selected area electron diffraction (SAED)
(beam direction [100]) are shown in Figs. 3(a) and (b)
respectively. Figure 3(a) indicates the presence of at least
two phases in the Al matrix. The larger dispersed phase
is known to be T phase (Al,yCu,Mn;),which is Mn-rich
phase and commonly found in aluminum alloys
containing Mg, Cu, Mn [4,11,12]. Except for S, no
streaking or other diffraction effects appear on the
selected area diffraction patterns.

With regard to S’ phase, Fig. 3(c) shows the
HRTEM image of §' phase, and the fast Fourier
transform (FFT) of the corresponding region is shown in
Fig. 3(d). This pattern has already been identified in Refs.
[4,13] as the variant of S’ phase.

A typical bright field TEM image obtained for Alloy
2 aged at 185 °C for 12 h is shown in Fig. 4. As shown in
Fig. 4(a), the co-existence of S’ phase and ¢’ phase (Al;Li)
is observed. The S’ precipitates are arranged in groups of
ring-shaped agglomerates. The similar phenomenon has
been reported in Refs. [4,13]. The existence of ¢’ phase
has been identified in Fig. 4(b). The ¢’ phase, whose
lattice constant equals 0.4308 nm [4], is only slightly
smaller than that of the Al matrix, so that the coffee

bean-like phase precipitates coherently in a spherical
shape. The spots due to the d'(Al;Li) phase are observed
at (1/2)111,, and its equivalent positions [14]. In
Fig. 4(c), several typical phase morphologies can be
observed, such as T (Al,yCu,Mn;) phase, ¢’ (Al;Li) phase,
S" phase and S” phase. The volume fraction of the
needle-like S’ precipitates is obviously less than Alloy 1,
as shown in Fig. 3(a). Besides, it can be observed that
some black spots in Fig. 4(c), and the
corresponding HRTEM and FFT images are shown in
Fig. 4(d). It can be inferred that the black spots are S”
phase. The similar phenomenon has been reported in
many relative literatures [2,4,13,15—17]. This means that
the S” phase and S’ phase coexist in Alloy 2 under this
aging condition. While in Alloy 1, which contains no
lithium, only S’ phase was found. Thus the addition of Li
slows down the S’ phase formation rate. Due to the fact
that the binding energy of Li with vacancy is similar to
Mg (Mg 0.19 eV, Li 0.26 eV) [10], the mobility of
vacancies is reduced by the formation of Li-vacancy
pairs, and then the formation of Cu—Mg clusters is
delayed.

After aging at 185 °C for 24 h, the bright field (BF)
and SAED images of the two alloy specimens are shown
in Fig. 5. The S’ phase and the ¢’ phase can be obviously
observed in Figs. 5(a) and (b) respectively. The SAED

exist
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Fig. 3 TEM image (a) and SAED pattern (b) of Alloy 1 aged at 185 °C for 12 h (beam direction [100]), HRTEM image (c) of S

phase and FFT (d) of corresponding region in (c)
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Fig. 4 TEM, SAED and HRTEM micrographs of Alloy 2 aged

at 185 °C for 12 h: (a) Intrageranular precipitates in (100) direction;

(b) Intrageranular precipitates in (110) direction; (c) Intrageranular precipitates in (100) direction, in which S” phase can be seen;

(d) HRTEM and FFT patterns in (100) direction

Fig. 5 TEM and SAED patterns in (100) direction of Alloy 2 (a, b) and Alloy 1 (c) aged at 185 °C for 24 h

pattern in Fig. 5(b) shows super lattice spots from the ¢’
(Al;Li) phase ((1/2)0024, and its equivalent positions)
and spots from the S’ phase.

The co-existence of S’ phase and ¢’ phase in Alloy
2, which is different from the single existence of the §'
phase in Alloy 1, is clear due to the addition of 1.0% Li.
And this change in the microstructure can be considered
the cause of property difference between the two alloys.
It is worth noting that in previous literatures, the notable

effect of &' (AlsLi) phase on aging strengthening has
been only found in Al-Cu—Mg—Li alloys with high Li
content (1.4%—1.5%), such as 2091 Al alloy [12,18].
Figure 6 shows the TEM images near the grain
boundary of the two alloys at peak aging condition. It
can be observed that the precipitate-free zone (PFZ) in
Alloy 1 appears wider than that in Alloy 2, the width of
the PFZ is about 70 nm in Alloy 1 and 30 nm in Alloy 2.
PFZ is caused by deleted solution atoms around the grain
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boundary [19,20]. As mentioned earlier, the existence of
Li atoms reduces the number of mobile vacancies, which
makes the formation of grain boundary precipitation
(GBP ) difficult. These cause the surrounding solution
atoms consumption decrease. More solution atoms form
Cu—Mg atom clusters, which will develop to S around
grain boundary, thus PFZ appears narrow in Alloy 2.

Lo

/

Fig. 6 PFZ of two alloys aged under 185 °C peak aging
condition: (a) Alloy 1 aged at 185 °C for 12 h; (b) Alloy 2 aged
at 185 °C for 24 h

It has been clearly attested that the ductility of
Li-containing 2xxx aluminum alloys is closely related to
the PFZ [12]. Strain localization that results from the
planar slip of shearable precipitates, such as ¢' phase,
also plays a crucial role in the Al-Li alloys [21]. Once
deformation has occurred on a particular glide plane,
especially around the J' phase, the dislocation movement
by slip will occur on the same plane. Then the
dislocations can be accumulated around the grain
boundary, and this always causes the stress concentration
[20]. Hence, cracks can nucleate and result in failure of
the material. This can also be supported by the SEM
images, as shown in Fig. 2, in which ductile/brittle mixed
fracture is obvious. Based on the discussion above, it can
be accepted that the ductility of Alloy 2 is lower.

4 Conclusions

1) The peak aging time of Al-3.5Cu—1.5Mg alloy
can be delayed significantly by the addition of 1.0% Li.
The peak aging strength is improved by 20 MPa, while
the ductility decreases from 20.1% to 15.8%.

2) The addition of lithium (1.0%) can change the
precipitation of the Al-3.5Cu—1.5Mg alloy from '
(Al,CuMg) phase to S’ (Al,CuMg) and ¢' (Al;Li) phases.

3) Lithium postpones the formation of S’ (Al,CuMg)
phase in Al-3.5Cu—1.5Mg alloy and makes PFZ narrow.
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