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Abstract: The effect of different refining processes on inclusions and mechanical properties of cast A1-2Li—2Cu—0.2Zr alloy was
investigated, including two-stage hexachloroethane (C,Clg) refining process, two-stage rotating gas bubbling refining process and
two-stage composite refining process. It was found that the two-stage composite refining process, which combined C,Cl and rotating
gas bubbling, can significantly improve the melt purity and mechanical properties of cast AI-2Li—2Cu—0.2Zr alloy. Compared to the
unrefined alloy, the volume fraction of gas porosity defects and slag inclusions decreased from 1.47% to 0.12%, and the yield
strength, ultimate tensile strength and elongation of as-quenched alloy increased from 113 MPa,179 MPa and 3.9% to 142 MPa,
293 MPa and 18.1%, respectively. C,Clg was first utilized to degas and remove large size slag inclusions before lithium addition, and
then the rotating gas bubbling was utilized to do the further degassing and remove the suspended fine inclusions after lithium

addition. The two-stage composite refining process can take advantage of two methods and get the remarkable refining effect.
Key words: Al-Li—Cu—Zr alloy; refining process; microstructure; melt purity; mechanical properties

1 Introduction

Al-Li alloys are attractive aeronautical materials
and have stimulated researchers’ interest in space and
aerospace applications owing to their promising
properties, such as very low density, high stiffness, and
improved specific strength [1-5]. At present, most
researches on Al-Li alloys focus on wrought alloys,
while there is still lack of data on cast Al-Li alloys. This
is mainly because that the wrought Al-Li alloys have the
superior mechanical properties to cast alloys. The further
study will focus on cast Al-Li alloys, because casting is
not only a low-cost way to manufacture products with
complex shapes, but also an effective method to mitigate
the anisotropy of mechanical property. Moreover, the
weight reduction could be much more effective in cast
condition, since the limitation of lithium addition can be
much higher than that in wrought alloys [6].

Due to high lithium content, the melting process of
cast Al-Li alloys is extremely difficult. The affinity of
lithium and hydrogen is extremely strong. The hydrogen
content of molten Al-Li alloy is about 50 times higher
than that of the traditional aluminum alloy without
protection [7]. When the hydrogen content exceeds a
certain range, the stable LiH will be formed. LiH is
extremely difficult to remove, which seriously affects the
melt purity and mechanical properties of cast Al-Li
alloys. Moreover, lithium has extremely high chemical
activity, it is easy to react with the oxygen and nitrogen
during the melting process, which not only causes the
burning of lithium, but also seriously affects the fluidity
of the alloy melt. So the refining process is extremely
important for the quality of Al-Li alloy.

In the smelting process of wrought Al-Li alloy,
argon gas protection and vacuum refining are often used
in order to improve the quality of continuous casting
ingots. But for the cast Al-Li alloys, vacuum refining
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process could not meet the needs of different casting
processes (such as low-pressure casting, differential
pressure casting). Therefore, it is necessary to find a
suitable refining process for cast Al-Li alloys melting in
normal air environment.

At present, there is a lack of research on the refining
process of cast Al-Li alloys smelting under atmospheric
environment. Therefore, the traditional aluminum alloy
refining methods were used to refine casting Al—Li alloy.

The refining processes of traditional aluminum
alloy are becoming more and more mature, including
hexachloroethane (C,Clg) purifying method [8], rotating
gas bubbling purifying method [9,10], ultrasonic
degassing method [11,12], etc.

The conventional refining agent hexachloroethane
(C,Cly) is considered the most effective refining process
because of its predominant refining ability and easy
operation [8,13]. However, to get the expected effects,
the amount of refining agent is at least 2% (mass
fraction). Large amount of hexachloroethane (C,Cl) will
react in the melt to form bubbles, which will turn over on
the surface of the melt. It will easily lead to gas
entrainment and accelerate the oxidation of alloy
elements. Moreover, using large of
hexachloroethane (C,Cly) result severe
environmental pollution.

As for rotating gas bubbling purifying method, it
has attracted more and more attention due to its inclusion
removing ability and degassing capacity [14—16].
However, neither too high or too low argon flow rate is
conductive to gas and inclusions removal, and when the
melt is refined overtime, the mechanical properties
became poor again. Therefore, finding the reasonable
parameter range of gas bubbling refining process is the
key to get good refining effect.

Lots of cast Al-Li alloys have been developed and
investigated in recent years. For example, Al-2Li—2Cu—
0.2Zr alloy, which was studied by ZHANG et al [17,18],
has good properties and can be used as a substitute for
traditional high strength cast aluminum alloy. However,
there is a lack of research on refining process. In this
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case, effect of different refining processes on the melt
purity, microstructure and related mechanical properties
of Al-2Li—2Cu—0.2Zr alloy were investigated in detail.
The results will promote the development and
application of cast Al-Li alloys.

2 Experimental

Cast AI-2Li—2Cu—0.2Zr alloy used in the present
study was prepared from commercially pure (CP)AI
pure Li, master alloys of Al-10%Zr and Al-50%Cu
melting in an electronic resistance furnace at 770 °C
under the protection of LiCI-LiF flux mixture. Four tests
were set up based on different refining processes. The
brief description of four processes is shown in Table 1.
The flow diagram of four different refining processes is
shown in Fig. 1.

Table 1 Different refining processes applied in this work
Test No.

Refining process

I Unrefined

II 1 wt.% C,Clg+ 1 wt.% C,Clg
1 Gas bubbling + gas bubbling
v 1 wt.% C,Clg+ gas bubbling

Test I was a blank test, neither hexachloroethane
(C,Cly) or rotating gas bubbling was applied to this test.
Two-stage hexachloroethane (C,Clg) refining process
was used in Test II. The 1 wt.% hexachloroethane
(C,Clg) was first utilized to degas at 740—750 °C before
lithium addition. After adding lithium, 1wt.%
hexachloroethane (C,Cls) was utilized to degas at
730—740 °C. Then the molten metal was poured carefully
into the permanent metallic mold, which was preheated
at 200 °C.

Two-stage rotating gas bubbling refining process
was used in Test III. The rotating gas bubbling purifying
was first utilized to degas at 740—750 °C before lithium
addition. After adding lithium, the rotating gas bubbling
purifying was utilized to degas at 730—740 °C. The

Different refining processes

[ ALCu Zrmenr ]| I 11 oom v
| 740-750 °C % Blank | AT | [Gas bubblingi [Ty |
|Add Li around 740 c|
730-740 °C M?ﬂi Blank | [ 1% C,Clg | :Gas bubbling | I:Gas bubbling |
| - I: . P

Fig. 1 Flow diagram of different refining processes applied in this work
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parameters of two bubbling processes are same: the
rotating speed was 175—200 r/min, the gas flow rate was
1.5-2.0 L/min and the refining process lasted for
5—7 min. Then the molten metal was poured carefully
into the permanent metallic mold, which was preheated
at 200 °C. The rotating gas bubbling schematic diagram
is shown in Fig. 2. The aluminum alloy was melted in a
graphite crucible with a capacity of 8 kg. The graphite
nozzle was 300 mm in length and 20 mm in diameter.
Some of holes with a diameter of 2 mm were arranged at
bottom of the nozzle. Argon passed through the hollow
stainless steel pipe connected with the upper part of the
nozzle and ejected from the small holes to stir the melt.

/-Ar

[

Graphite Baftle

nozzle

Fig. 2 Schematic diagram of rotating nozzle degasser with

argon

Two-stage composite refining process which
combined rotating gas bubbling and hexachloroethane
(C,Clg) was wused in Test IV. The 1wt%
hexachloroethane (C,Clg) was first utilized to degas at
740750 °C before lithium addition. After adding
lithium, the rotating gas bubbling purifying was utilized
to degas at 730—740 °C. The rotating speed was 175—
200 r/min, the gas flow rate was 1.5-2.0 L/min and the
refining process lasted for 5—7 min. Then the molten
metal was poured carefully into the permanent metallic
mold, which was preheated at 200 °C.

The real chemical compositions of the studied alloy,
measured by inductively couple plasma-atomic emission
spectroscopy (ICP-AES), are listed in Table 2. The
composition of Li, Cu, Zr were similar to the design of
components.

Table 2 Measured chemical compositions of Al-2Li—2Cu—

0.2Zr alloys (wt.%)
Test No.  Li Cu Zr Na K Al
I 2.03 1.84 022 0.051 0.0043 Bal.
I 2.14 1.79 017 0.050 0.0049 Bal.
I 197 212 0.16 0.048 0.0058 Bal.
v 2.17 188 021 0.063 0.0067 Bal.

As-quenched treatment ((460 °C, 32 h) + (520 °C,
24 h)) was applied to these cast ingots. In this process,
the samples were buried in sand to prevent the absence
of Li on the surface. Quenching was realized in hot water
at 60 °C.

The densities of alloys were measured using the
standard Archimedes method with distillated water.
Statistical volume fractions of nonmetallic inclusions in
alloys were measured with Image-Pro Plus software.
Optical samples were prepared by mechanically
grounded with SiC papers to 7000 grit and polished
through standard procedures. Polished specimens were
etched by Keller’s reagent (5 mL HNO;, 3 mL HCI,
2 mL HF and 190 mL distilled water) for 20 s prior to
characterization. The microstructure was observed using
an optical microscopy (OM, LEICA MEF4M) and
scanning electron microscopy (SEM, Phenom XL).
Energy dispersive spectroscopy (EDS) was employed to
identify the phase constitutions. The tensile properties
were tested at room temperature with a cross-head speed
of 1 mm/min using Zwick/ Roell Z100 tensile machine
equipped with a noncontact extensometer. Sheet tensile
samples of 3.5 mm in width, 2.0 mm in thickness, and
15 mm in gauge length were cut from the casting ingots
by the electric-sparking wire-cutting machine. Every
tensile value was determined as the average of five test
results.

3 Results

Figure 3 presents the representative optical
microstructures of the as-cast AI-2Li—2Cu—0.2Zr alloys
refined by different refining processes. The effects of
different refining processes can be reflected by the size
and distribution of gas porosity defects and slag
inclusions. It was clear that compared to the unrefined
alloy in Fig. 3(a), the gas porosity defects and slag
inclusions were reduced after hexachloroethane (C,Clg)
(Fig. 3(b)) and rotating gas bubbling refining process
(Fig. 3(c)), while the two-stage composite refining
process which combined hexachloroethane (C,Clg) and
rotating gas bubbling got the best effect, there was no
obvious gas porosity defects and slag inclusions in
Fig. 3(d).

Figure 4 presents the SEM image and EDS analysis
of slag inclusions of unrefined alloy. The EDS point
analysis was conducted to clarify the composition of slag
inclusions. Element Cu is significantly enriched at the
grain boundaries because its distribution coefficient [19],
so the Cu also tends to be enriched at the boundaries of
slag inclusions and then can be detected at point 1.
Element Li has high chemical activity, it tends to oxidize
rapidly and is easy to form oxidized inclusions during
the melting process. Moreover, the hydrogen content of
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Fig. 3 Microstructures of as-cast Al-2Li—2Cu—0.2Zr alloy after different refining processes: (a) Unrefined; (b) 1 wt.% C,Clg +
1 wt.% C,Clg; (c) Gas bubbling + Gas bubbling; (d) 1 wt.% C,Cls+ Gas bubbling
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Fig. 4 SEM image (a) and EDS result of point 1(b) of slag inclusions in unrefined alloy

unrefined alloy is high. When the hydrogen content
exceeds a certain range, LiH will be formed. But element
Li and H can not be detected under EDS. In conclusion,
the chemical composition of inclusion shown in Fig. 4(b)
was not accurate, the main composition of slag
inclusions should be LiH and oxides of Al and Li [20].

Table 3 shows the statistical volume fractions of gas
porosity defects and slag inclusions in alloys. Compared
with the unrefined alloy, it was obvious that the other
three refining processes significantly reduced the gas
porosity defects and slag inclusions. It should be noted
that the volume fraction of gas porosity defects and slag
inclusions for two-stage composite refining process was
0.12 vol.%, and it was lower than that refined by the
conventional 2 wt.% C,Clg (0.87 vol.%). The result
indicated that the application of the rotating gas bubbling
can substantially improve the efficiency of C,Clsrefining
by decreasing the amount of C,Cl¢ at a rate of 50%.

Table 3 Statistical volume fractions of gas porosity defects and
slag in alloys

. Number of Average volume
Refining process

fields fraction/%
Unrefined 30 1.47
1 wt.% C,Clg+ 1 wt.% C,Clg 30 0.87
Gas bubbling + gas bubbling 30 0.42
1 wt.% C,Cls+ gas bubbling 30 0.12

Table 4 shows the densities of the alloys refined by
four different refining processes. The density of
unrefined alloy was 2.46 g/cm®, much lower than others.
This was actually due to the large amount of gas
porosity defects and slag inclusions in unrefined alloy. In
general, the contents of gas porosity defects and slag
inclusions were inversely proportional to the alloy
densities.
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Table 4 Densities of alloys refined by different processes

Refining process Density/(g-cm )

Unrefined 2.46
1 wt.% C,Clg+ 1 wt.% C,Clg 2.54
Gas bubbling + gas bubbling 2.53
1 wt.% C,Clg+ gas bubbling 2.59

The mechanical properties of the alloys refined by
different refining processes are illustrated in Fig. 5.
Results indicated that the mechanical properties were
significantly improved after refining process. Generally,

<
[a¥
=
=
o0
5
& 100 ' —=— I (Unrefined)

L —o— I1 (1 wt.% C,Cl, + 1 wt.% C,Cl,)

50 ¢ —— III (gas bubbling + gas bubbling)

v IV (1 wt.% C,Cl; + gas bubbling)
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two-stage composite refining process got the best result.
The YS and UTS reached at 142 MP and 293 MP, which
were 26% and 64% higher than unrefined one. The
enlongation got the most obvious increase and reached at
18.1%, which was 364% higher than unrefined one. This
was mainly because the refining process makes the gas
porosity defects and slag inclusions in alloy reduce
significantly, and improve the mechanical properties (see
Fig. 5(b)).

Figure 6 presents the fracture surface SEM
micrographs of the tensile specimens of the Al-2Li—
2Cu—0.2Zr alloys refined by different refining processes.

300 H(b) == Enlongation ’ 203 120
IYS 268 e
250F OE3UTS 16
X
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=
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Fig. 5 Strength—strain curves (a) and tensile properties (b) of as-quenched AI-2Li—2Cu—0.2Zr alloy after different refining

processes

0
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Fig. 6 SEM fractographs showing tensile fracture surfaces of Al-2Li—2Cu—0.2Zr alloy after different refining processes:
(a) Unrefined; (b) 1 wt.% C,Clg+ 1 wt.% C,Clg; (c) Gas bubbling + gas bubbling; (d) 1 wt.% C,Cls+ gas bubbling
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In unrefined alloy (see Fig. 6(a)), some gas porosity
defects and slag inclusions were found on the fracture
surface which indicated that the micro-crack may apart
from them and then progress across the grains as
cleavage fracture [21]. As demonstrated in Figs. 6(b—d),
it was obvious that all of the as-quenched specimens
typically demonstrated ductile fracture mode, with large
amounts of isometric dimples [22]. For the alloy refined
by rotating gas bubbling process and two-stage
composite refining process, cleavage planes were weaker
and evident isometric dimples and tearing ridges on the
alloy fracture surfaces were observed (see Figs. 6(c, d)).
It also explained that the specimens after refining
processes III and IV got better plasticity improvement
because of more dimples and tearing ridges, which was
in accordance with the tensile test results.

4 Discussion

The principle of degassing and slag inclusions
removal of hexachloroethane (C,Clg) and rotating gas
bubbling method are similar. A large number of bubbles
absorb gas and slag inclusions during the floating
process to achieve refining purposes. The difference is
that the bubbles in rotating gas bubbling method are
formed by blowing argon through the nozzle, and the
bubbles in C,Cls method are formed by the reaction of
C,Clg in aluminum melt.

The reactions of C,Clg in aluminum melt are
generally as follows [23]:

C,Clg—~C,Cly 1 +Cl, 1 (1)
3C,Clt2Al—~3C,Cly 1 +2AICI, 1 )
3CL+2A1-2AICI 1 3)
CL+2[H]—~2HCI (4)

Among these reaction products, Cl,, C,Cl, AICl;
and HCI are all gaseous state at high temperatures, and
all of them can form bubbles to adsorb gas and slag
inclusions like argon. Cl, can also react with [H] in
aluminum melt, and achieve the hydrogen removal to
some degree.

Figure 7 shows the refining principle of rotating gas
bubbling method [24]. The inclusions can be wetted by
the argon gas, and then float up. The particle settling
velocity can be illustrated as

2g 3 3
V= —[’inclusion (pinclusion - pgas ) +r (pgas ~ Prmetal )]

- 9’7metalr
(5)

where g is the gravity acceleration; #ye is the viscosity
coefficient; ricusion 18 the inclusion particle radius; r is
the radius of aggregate of inclusion absorbing gas;
Pinclusion 15 the inclusion density; pg,s is the gas density;

Pmetat 1S the metal density.

Inclusion

Fig. 7 Schematic diagram of inclusion particle with gas

covered

Unrefined alloy has a high internal hydrogen
content. When the hydrogen content exceeds a certain
range, LiH will be formed. And the elements Al and Li
are easily oxidized under the unrefined condition. In
conclusion, the main composition of slag inclusions
should be LiH and oxides of Al and Li.

As for the alloy refined by rotating gas bubbling
method, the hydrogen content of the alloy is reduced, so
LiH will not be formed. However, during this refining
process, the generation of oxidized slag is inevitable, so
the main composition of slag inclusions should be oxides
of Al and Li.

As for the slag inclusions in alloy refined by
refining agent (C,Clg), the composition can be inferred
by following chemical reaction:

2Li+Cl,~2LiCl (©6)

At high temperatures (700—800 °C), the pyrolysis of
C,Clg produced CI, (see Reaction (1)), Cl, reacted with
Li in the melt and formed LiCl, which did not
decompose at high temperatures. Therefore, the main
components of slag inclusions should be LiCl and some
of the oxides of Al and Li.

In the melting process of cast Al-Li alloy, the
melting process of Li is the most important step. Owing
to the high chemical activity of Li, it tends to oxidize
rapidly and burn in air to bring a lot of inclusions into the
aluminum melt during the melting process. Therefore,
the first stage refining is necessary before adding Li to
ensure the purity of the melt. Then, after the lithium is
melted, the second stage refining is carried out to reduce
the oxidation of lithium and remove the gas porosity
defects and slag inclusions in the melt.

The new two-stage composite refining process
which combined hexachloroethane (C,Clg) and rotating
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gas bubbling got the best effect. The basic reason is that
the state of melt is different before and after adding Li.
Before adding Li, the gas content and slag inclusions
content in the melt are large. In order to obtain a better
refining effect, the flow rate of argon gas must be large
enough, which inevitably leads to the tumbling of the
melt surface and the possibility of air entrapment and
oxidation of alloying elements. The rotating gas bubbling
treatment cannot remove them effectively with low flow
rate of argon, while hexachloroethane (C,Clg) can do it
better. Therefore, the use of hexachloroethane (C,Clg)
before adding Li can effectively remove most of the gas
and large-size slag inclusions in the melt. After adding
Li, the melt is easy to oxidize extremely. Therefore,
ensuring the stable surface of the melt and preventing
oxidation of Li are the key points of refining. The
pyrolysis of C,Clg produced Cl,, Cl, reacted with Li in
the melt and formed LiCl. Moreover, C,Clg also
produces a large number of bubbles, and the bubbles will
turn over on the surface of the melt, which will easily
lead to gas entrainment and accelerate the oxidation of Li.
After the first stage refining, the remainder slag
inclusions in the melt are small, which can be effectively
removed by rotating gas bubbling method with low flow
rate. The rotating speed and gas flow rate can be
adjusted to a reasonable range (175—200 r/min and
1.5-2.0 L/min) to ensure the melt surface stable.
Furthermore, Li is difficult to oxidize under argon
atmosphere. The rotating gas bubbling method is the best
choice to remove the gas and slag inclusions after adding
Li. Therefore, the new two-stage composite refining
process which combined hexachloroethane (C,Cls) and
rotating gas bubbling method is the most suitable
refining process for cast Al-Li alloys.

5 Conclusions

(1) The main composition of slag inclusions in
unrefined alloy should be LiH and oxides of Al and Li.
LiCl will be formed as a new kind of slag inclusion when
the alloy is refined by hexachloroethane (C,Cl) after Li
addition.

(2) The new two-stage composite refining process
which combined C,Cls and rotating gas bubbling was
developed as an effective refining process for the cast
Al-2Li—2Cu—-0.2Zr alloy. Compared to the unrefined
alloy, the Y'S, UTS and enlongation of as-quenched alloy
increased from 113 MPa, 179 MPa and 3.9% to 142 MPa,
293 MPa and 18.1%, respectively.

(3) The use of C,Cl¢ can effectively remove most of
the gas and large-size slag inclusions in the melt before
Li addition. The rotating gas bubbling process can
remove the remainder small slag inclusions with low
flow rate after Li addition. Compared to the unrefined

alloy, the volume fraction of gas porosity defects and
slag inclusions decreased from 1.47% to 0.12%. The new
two-stage composite refining process is the suitable
refining process for cast AI-2Li—2Cu—0.2Zr alloy in this
work.
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1. FHESCIE R MRRE S TR BRE ST A ER TR 7O
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W E: MAAFERE L ZX G Al-2Li-2Cu—0.2Zr & &7 1R, AFNUE C,Cl /&% L2,
MR B : LEMMNBE G REHR L. SRKY, 456 CCly MG IR WK MR E ARk L]
DL IR mHEIE Al-2Li—2Cu—0.2Zr & &M alg ARt . SREEN & &ML, BB E ARG
ZAREINA &S LA IR T BN 1.47% FREE] 0.12%, BG40 e IRGRE . Pihom = M
KRB 113 MPa. 179 MPa Fl 3.9%4R = 2 142 MPa. 293 MPa 1 18.1%. &&iEHdfed, fEMmASZ /i s
et CoClg REBRHEAT IR A LA R A A Fp B K RS B 2=, FEINNAE 2 Ja A P S S s e st — B I S DL &
RIS AR R 4/ N BRI e W o R B AR I L AN AT DU 30 BRI A S AR AT 2, 38 ] LUK & A%
PR IEMRE, G WFRE AN S A, TR ENRIHRCR.
XHEIE: Al-Li-Cu—Zr &4 BIETE: BMAY,; Bikaners, Jivetig
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