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Microstructure evolution and its influence on the tensile properties of a high-strength cast Al-3Li-1.5Cu-0.15Zr-0.15Sc alloy
during friction-stir processing (FSP) are investigated in this paper. It is found that the coarsening of @-Al dendrites in an as-cast
alloy is insignificant after a solid-solution treatment. Most of the Al,Cu and Al¢CuLi3 phases are dissolved into the matrix while
the Als(Li, Sc, Zr) phase remains intact. During FSP, a complete dynamic recrystallization takes place in the stir zone and fine
equiaxed grains are obtained. Residual intermetallic particles are also broken into fine particles and distributed uniformly in the
matrix. The microstructure distribution in the stir zone is inhomogeneous and a strong {111} texture and a weak {110} texture
are formed. After FSP, the tensile strength is significantly improved owing to the interaction of the grain refinement, breaking
up of intermetallic phases and formation of texture.
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Avtorji v ¢lanku predstavljajo razvoj mikrostrukture in njen vpliv na mehanske lastnosti, dolo¢ene z nateznim preizkusom, lite
visokotrdnostne zlitine Al-3Li-1,5Cu-0,15Zr-0,15Sc, izdelane s torno-vrtilnim postopkom meSanja taline (FSP; angl.: friction
stir processing). Ugotovili so, da so grobi a-Al dendriti v liti zlitini nepomembni po njeni toplotni obdelavi z raztopnim
zarenjem. Vecina faz ALL,Cu in Al¢CuLi; se raztopi v matrici, medtem ko faza Al3(Li, Sc, Zr) ostane po raztopnem Zarjenju.
Avtorji ugotavljajo, da se med FSP izvede kompletna dinami¢na rekristalizacija v coni meSanja in nastanejo enakoosna zrna. Po
raztopnem Zarjenju se preostali intermetalni vkljucki prav tako lomijo med FSP v finejse delce in se enakomerno razporedijo po
kovinski osnovi. Mikrostrukturna porazdelitev v coni meSanja je nehomogena ter ima mocno {111} in Sibko {110} teksturo.
Avtorji zakljucujejo, da se je po FSP natezna trdnost zlitine moc¢no izboljSala zaradi udrobljenja mikrostrukture oz. zmanjSanja
velikosti kristalnih zrn in delcev intermetalne faze ter nastanka teksture.
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1 INTRODUCTION

Aluminum alloys with excellent strength and good
anti-fatigue performance have a wide utilization in the
aeronautic, astronautic and automobile industries.'
Low-density Al-Li alloys have attracted wide attention in
the past decades as they help us reduce the weight of
aero-structural components.>* By replacing traditional
Al alloys with Al-Li alloys, the weight of the compo-
nents can be decreased by 10-20 % and the stiffness im-
proved by 15-20 %.’

Friction-stir processing (FSP) is known as an impor-
tant severe-plastic-deformation (SPD) technique, effec-
tive for achieving the microstructure refinement of Al al-
loys.® Shukla et al. found that ultra-fine-grained (UFG)
microstructures with a grain size of less than 1 um were
achieved in Al-5024 alloys using FSP.” The UFG struc-
ture was also obtained in an FSPed Al-Mg-SiC nano-
composite, which was attributed to a complete dynamic
recrystallization (DRX) induced by FSP.® A recent re-
search conducted by Zhao et al. pointed out that the
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microstructure of the 6063 Al alloy was obviously re-
fined from 134 ym to 5.2 um via FSP.? It is noteworthy
that most of the researches focused on the FSW of
third-generation wrought Al-Li alloys, for instance, AA
2099, AA 2195 and AA 2198 alloys.'*'? Due to the high
plastic-deformation capacity of FSP, FSP can also induce
a significant grain refinement in cast Al-Li alloys. How-
ever, there is still little research work done on the FSP of
as-cast Al-Li alloys.

Recently, several new Al-Li-Cu-Zr alloys containing
a relatively high amount of Li have been developed and
these alloys have been proved to have high strength. It
was demonstrated that an Al-3Li-1Cu-0.1Zr-0.1Er alloy
achieved an improvement in comprehensive mechanical
properties owing to the Al;(Er, Zr, Li) particles.”® A
low-density and high-strength Al-3Li-1.5Cu-0.2Zr alloy
was developed by A. T. Chen et al.'* Shi et al. reported
that adding Sc (0.15 %) into the cast Al-3Li-1.5Cu-
0.15Zr alloy could further improve the mechanical prop-
erties.'> However, FSPed Al-Li-Cu-Zr alloys have not yet
been widely studied.

In the present work, a high-strength Al-3Li-1.5Cu-
0.15Zr-0.15Sc alloy was solid-solutioned and then sub-
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jected to FSP. The corresponding microstructural evolu-
tion and its influence on the mechanical properties of the
FSPed alloy were studied.

2 EXPERIMENTAL PART

The AI-3Li-1.5Cu-0.15Zr-0.15Sc (w/%) alloy was
fabricated from high-purity Al, Li (99.9 w/%) and Al-50
w/% Cu, Al-10 w/% Zr, Al-2 w/% Sc master alloys using
a vacuum induction furnace with an argon atmosphere.
The chemical composition of the as-cast ingot was deter-
mined with inductively coupled plasma-atomic emission
spectroscopy and the real chemical composition was
Al-2.96Li-1.57Cu-0.16Zr-0.13Sc (w/%). The cast shape
was 250 mm long, 80 mm wide and 150 mm high. The
as-cast alloy was solid-solutioned for 32 h at 500 °C fol-
lowed by 24 h at 560 °C, and then quenched in water.
Before FSP, the solid-solutioned alloy was machined into
plates that were 250 mm long, 150 mm wide and 8 mm
thick, using wire-electrode cutting. FSP was carried out
using an FSW machine (FSW-LW-BM 16, FSW Technol-
ogy Co., Ltd, Beijing, China) with a tool rotational speed
of 1600 min' and feed speed of 60 mm/min. Figure 1
shows a photograph of the FSW machine applied in this
study and a schematic of FSP where ND, PD and TD de-
note the normal direction, the processing direction and
the transverse direction, respectively.

Microstructure observation was conducted on the
as-cast, solid-solutioned and FSPed samples using light
microscopy (LM, MR5000, Nanjing, China) and scan-
ning electron microscopy (SEM, Simga 500VP, Zeiss,
Oberochen, Germany) combined with energy-dispersive
X-ray spectroscopy (EDS, Inca, Oxford Instruments, Ox-
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Figure 1: a) photograph of the FSW machine used in this study;
b) schematic of FSP
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ford, UK). The texture characterization of the FSPed
sample was examined with electron backscatter diffrac-
tion (EBSD, Inca, Oxford Instruments, Oxford, UK).
Tensile specimens were cut using wire-electrode cutting
along the processing direction. The tensile properties of
the FSPed specimens were measured on a universal test-
ing machine (CMT-5205, Wance, Shenzhen, China) at an
initial strain rate of 1.67x1073 s~! along the PD. These
tests were carried out at least 3—5 times to obtain the
mean values of tensile properties.

3 RESULTS AND DISCUSSION

Light microstructures and SEM images of the as-cast
and solid-solutioned samples are included in Figure 2.
As shown, the microstructure of the as-cast sample is
composed of nearly equiaxed a-Al dendrites and coarse
intermetallic compounds scattered along the grain
boundaries. The mean grain size of the as-cast sample is
¢30 um. The intermetallic compounds in the as-cast sam-
ple mainly consist of Al,Cu, Al¢CuLi; and Als(Li, Sc,
Zr)."5 According to the SEM image from Figure 2¢ and
the corresponding EDS results from Figure 2e to 2f), the
intermetallic compounds present at the grain boundaries
are Al,Cu and Al¢CuLi; while the particle within the
a-Al grains is the Al;(Li, Sc, Zr) phase. Compared to the
as-cast sample, the coarsening of the a-Al grains during
the solid-solution treatment is insignificant. The forma-
tion of the Als(Li, Sc, Zr) particles can suppress the
growth of a-Al grains.!!7 As shown in Figure 2d, most
of the ALL,Cu and AlsCuLi; phases are dissolved into the
matrix during solid solution, while the Als(Li, Sc, Zr)
particles remain intact, indicating that the thermal stabil-

Figure 2: Microstructures of (a, c¢) the as-cast and (b, d) solid-
solutioned samples and EDS results for points A and B from Fig-
ure 2¢
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ity of the Alz(Li, Sc, Zr) phase is better than that of the
Al,Cu and Al¢CuLi; phases. Since the dissolution of the
AlLCu and Al¢CuLi; phases is incomplete, some small
particles are also observed at the grain boundaries.

The cross-sectional macrostructure of the FSPed
sample is presented in Figure 3a. RS denotes the retreat-
ing side and AS denotes the advancing side. The typical
zones in FSPed Al alloys, such as the stir zone (SZ),
thermo-mechanically affected zone (TMAZ) and base
metal (BM) are marked. Figure 3b presents the light
microstructure of Region 3 in the SZ, which is at the
centre of the SZ of the FSPed sample. It is found that a
complete DRX takes place in the SZ during the FSP and
fine equiaxed grains are formed. A quantitative analysis
of the average size is done in the following EBSD analy-
sis. As shown in Figure 3c, besides the grain refinement
induced by the DRX, the residual intermetallic com-
pounds are also broken into fine particles and distributed
uniformly in the matrix.

Figure 4 shows the inverse pole figures and pole fig-
ures of different regions in the SZ of the FSPed sample
obtained with EBSD. The inverse pole figures in Figures
4a to 4e also confirm that the complete DRX takes place
in the SZ and a fine equiaxed grain structure is formed.
Compared to the BM, the average grain size in the SZ is
refined to 3.7-4.8 um. The inverse pole figures also show
that the average size and orientation of DRXed grains in
different regions of the SZ of the FSPed sample are not
the same. The largest average grain size is obtained in
the centre of the SZ and the smallest average grain size is
obtained at the bottom of the SZ. In addition, the pole
figures illustrate the evolution of the texture in different
regions. It is observed that the strong {111} texture and
weak {110} texture are formed in the SZ. In addition, the
intensity of the texture is higher at the RS than at the AS.
As shown in Figure 4c¢, a simple shear texture is created

Figure 3: Cross-sectional macrostructure of the FSPed sample and
microstructure of Region 3: a) cross-sectional macrostructure; b) light
microstructure of Region 3; ¢) SEM image of Region 3
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in the centre of the SZ, namely A/A and B/B texture
components. The emergence of the B texture component
indicates that alargestrain is introduced into the SZ dur-
ing the FSP. Texture components are primarily affected
by the rotation of the stirring pin, due to which Regions
2 and 4 show the same texture components as Region 3,
while the shear texture on the left and right is rotated
around the ND. Moreover, Regions 1 and 5 also show
similar shear components.

Table 1: Tensile properties of the studied alloy

YS UTS EL
(MPa) | (MPa) | (%)
Solid-solutioned 104 290 25.8 Ref. 15
T6 (175 °C x 8 h) 263 414 8.1 Ref. 15
T6 (175 °C x 32 h) 291 415 5.5 Ref. 13
FSPed 3342 | 42743 | 5.6+1 | LhiS
work

Table 1 gives the corresponding tensile properties of
the FSPed sample. After the FSP, the yield strength (YS),
ultimate tensile strength (UTS) and elongation to failure
(EL) are 334 MPa, 427 MPa and 5.6 %, respectively. Ac-
cording to the's, the tensile properties of the solid-
solutioned Al-3Li-1.5Cu-0.15Zr-0.15Sc alloy exhibit a
relatively low strength and high elongation, with the YS,
UTS and EL of 104 MPa, 290 MPa and 25.8 %. After
the ageing at 175 °C for 8 h, the YS, UTS and EL
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Figure 4: Inverse pole figures and pole figures of different regions in

the SZ from Figure 3: a) Region 1; b) Region 2; ¢) Region 3; d) Re-
gion 4 and e) Region 5
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reached 263 MPa, 414 MPa and 8.1 %. Further ageing at
175 °C for 32 h resulted in a slight improvement in the
YS but continuous deterioration in the EL, and the YS,
UTS and EL were 291 MPa, 415 MPa and 5.5 %, respec-
tively. The tensile test confirmed that the YS and UTS of
the FSPed sample are higher than of the sample aged at
175 °C for 32 h, showing that FSP is an effective means
of improving the tensile properties of cast Al-Li alloys.

In this investigation, a complete DRX takes place in
the SZ of the FSPed sample. However, further character-
ization reveals that the microstructure of the SZ is
inhomogeneous. As shown in Figure 4, the coarsest
DRXed grains are formed in the centre of the SZ, the
DRXed grains in the upper region are coarser than those
in the bottom region, and the DRXed grains in the right
region are coarser than those in the left region. An
inhomogeneous microstructure distribution in the SZ
was also observed in FSPed Mg alloys.!® The DRX dur-
ing FSP is due to the SPD and thermal exposure. The
SPD is induced by the rotating pin while the thermal ex-
posure is mainly generated by the friction between the
shoulder and surface of the plates. Since the distribution
of the deformation force and heat in the SZ is different
during FSP, the resulting DRXed grains have different
sizes in different regions.

Generally, the relationship between the grain size and
YS follows the classic Hall-Petch equation.” In this
study, FSP leads to a fine microstructure in the Al-Li al-
loy. In the cast Al-3Li-1.5Cu-0.15Zr-0.15Sc alloy, the
grain size is about 30 pum. Meanwhile, the grain size of
the FSPed Al-3Li-1.5Cu-0.15Zr-0.15Sc alloy is sharply
reduced to 3.7-4.8 pm. The tremendous improvement of
the YS mainly benefits from the grain refinement. The
grain refinement is accompanied by the increasing grain
boundaries, which can hinder the movement of disloca-
tion and enhance the strength.? Moreover, as shown in
Figure 3c, the residual intermetallic compounds are bro-
ken up into fine particles and distributed homogeneously
in the matrix. The fine and homogenously distributed
intermetallic compounds can also hinder the movement
of dislocation via the Orowan strengthening mecha
nism.?"?> Besides the grain refinement and breaking up
of intermetallic compounds, the formation of the texture
also contributes to the improvement of the strength. As
shown in Figure 4, the formation of the shear-texture
component after FSP means that a massive stored strain
occurs in the FSPed sample, indicating improved me-
chanical properties.?> Moreover, the low texture intensity
is also propitious to ameliorate the tensile properties.?
However, it is found that, compared to the cast
Al-3Li-1.5Cu-0.15Zr-0.15Sc alloy, the significant grain
refinement in the FSPed Al-3Li-1.5Cu-0.15Zr-0.15Sc al-
loy shows little improving effect on the ductility. There
may be two reasons for this. First, the residual particles
can induce crack initiation during the tensile deformation
and reduce the ductility. Second, the formation of the
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texture can make it difficult to slip, thus reducing the
ductility.

4 CONCLUSIONS

An as-cast Al-3Li-1.5Cu-0.15Zr-0.15Sc alloy was
solid-solutioned and subjected to FSP in this study. The
evolution of the microstructure and its influence on the
tensile properties of the FSPed sample were disclosed.
Detailed findings can be summarized as follows:

1) During the solid-solution treatment, the coarsening
of a-Al grains in the as-cast sample is insignificant.
Most of the Al,Cu and AlsCuLi; phases are dissolved
into the matrix while the Al;(Li, Sc, Zr) phase remains
intact.

2) During FSP, a complete DRX takes place in the SZ
and fine equiaxed grains are obtained. The residual
intermetallic compounds are also broken into fine parti-
cles and distributed uniformly in the matrix. The
microstructure distribution in the SZ is inhomogeneous
and a strong {111} texture and weak {110} texture are
formed.

3) After FSP, the YS and UTS are significantly im-
proved, confirming that FSP is an effective means of im-
proving the tensile properties of cast Al-Li alloys. The
enhancement of the strength results from the grain re-
finement, the breaking up of intermetallic compounds
and the formation of texture.

Abbreviations

FSP friction-stir processing

SPD severe plastic deformation
UFG ultra-fine grained

DRX dynamic recrystallization

ND normal direction

PD processing direction

TD transverse direction

LM light microscopy

SEM scanning electron microscopy
EDS energy-dispersive X-ray spectroscopy
EBSD electron backscatter diffraction
RS retreating side

AS advancing side

SZ stir zone

TMAZ thermo-mechanically affected zone
BM base metal

YS yield strength

UTS ultimate tensile strength

EL elongation to failure
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