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Abstract: The effects of different Zr additions (0.05wt.%-0.5wt.%) on the structure and tensile properties of an
Al-4.5Cu-0.3Mg-0.05Ti (wt.%) alloy solidified under a high cooling rate (18 °C-s™), in as-cast and T6 heat-treated
conditions were studied. The as-cast structure of the alloy consists of equiaxed grains of a-Al with an average
size of 64 ym which is unaffected by the Zr additions, indicating the ineffectiveness of Zr in the grain refinement of
the alloy. Scanning electron microscopy, along with X-ray diffraction analysis revealed the presence of elongated
6-Al,Cu at the grain boundaries; in addition, coarse Al,Zr particles exist in the intergranular regions of the 0.5wt.%
Zr-containing alloy. After the T6 heat treatment, the elongated 6 particles were fragmented; however, the coarse
AlZr particles remained unchanged in the microstructure. Also, the formation of fine B'-Al,Zr and 8"-Al;Cu/6'-
AlL,Cu phases during T6 heat treatment was revealed by transmission electron microscopy. The results of the
tensile tests showed that the Zr additions increase the strength of the alloy in both as-cast and T6 heat-treated
conditions, but reduce its elongation, especially with 0.5wt.% Zr addition. The 0.3wt.% Zr-added alloy in the T6
heat-treated condition has the highest quality index value (249 MPa). Fractography of the fracture surfaces of the
alloys revealed ductile fracture mode including dimples and cracked intermetallic phases in both conditions.
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1 Introduction

Al-Cu-Mg alloys have widespread applications in
the aerospace and transportation industries, due to
their high specific strength "', good oxidation and
corrosion resistance, high melting temperature (among
Al alloys), and good thermal conductivity . The
excellent strength properties of these age-hardenable
Al alloys originate from precipitation of the nanoscale
metastable phases ¥, namely 0'"-Al,Cu with a
tetragonal structure (¢=0.404 nm and ¢=0.768 nm),
0'-Al,Cu with a tetragonal structure (a=0.404 nm
and ¢=0.580 nm) "*%, GPB2/S"-Al,,Cu;Mg; with an
orthorhombic structure (¢=0.405 nm, b=1.620 nm and
¢=0.405 nm) P, and S-AL,CuMg with an orthorhombic
structure (¢=0.405 nm, 5=0.916 nm and ¢=0.720 nm) !>,
in a-Al matrix during age hardening treatments.
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However, Al-Cu-Mg alloys are extremely susceptible
to hot tearing, due to their long solidification ranges *”,
leading to a fracture as a result of strain localization in
the solidifying alloy above its non-equilibrium solidus
temperature "'*'"". The grain refinement of the as-cast
structure using inoculation of grain refiners in the
molten alloy is an approach to avoiding the formation
of the hot tearing in Al-Cu-Mg alloys "'*'?!. It has been
shown that the addition of at least 0.05wt.% Ti as an
Al-5Ti-1B (wt.%) grain refiner to an Al-4.5Cu-0.3Mg
(wt.%) alloy (all compositions are in wt.% herein,
unless otherwise specified) is necessary to prevent hot
tearing .

The grain refining effect of Zr on commercial Al
alloys has previously been reported '"'*'". Moreover,
small Zr additions form fine spherical metastable
coherent L1, B'-AlZr dispersoids (typically 20-30 nm
in diameter) during thermomechanical processing
of Al alloys, inhibiting recrystallization and grain
growth “'*'® Tt is noted that the Zr contents of
commercial Al alloys are usually limited to lower than
0.16% to avoid the formation of coarse primary Al,Zr
phase in the alloy melt during solidification under
typical cooling rates !'®. Although it is expected that
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solidification under high cooling rates may prevent the formation
of the coarse primary Al,Zr phase in commercial Al alloys,
effects of higher Zr concentrations on the structure and tensile
properties of Al-Cu-Mg alloys solidified under high cooling rates
have not been investigated yet.

The present study aims to investigate the influences of
different Zr additions (0.05%, 0.1%, 0.3%, and 0.5%) on
the structure and tensile properties of an Al-4.5Cu-0.3Mg-
0.05Ti alloy solidified under a high cooling rate (18 °C-s™), in
as-cast and T6 heat-treated conditions to determine the optimum
Zr content of the alloy in terms of the quality index parameter.

2 Experimental procedure

Commercially pure elemental Al and Mg, and Cu-50Al and
Al-5Ti-1B master alloys were used to prepare an Al-4.5Cu-
0.3Mg-0.05Ti alloy. All materials were melted in a resistance
furnace using a silicon carbide (SiC) crucible (with 10 kg
capacity for cast-iron melt) at 750 °C, and were poured into
an open steel mold after gently hand stirring the melt with a
graphite rod, and cleaning off the dross. The composition of
the cast alloy is provided in Table 1.

Table 1: Composition of alloy studied (wt.%)

Cu Mg Fe Ti

4.48 0.32 0.16 0.05 0.03

Then, the ingot of the Al-4.5Cu-0.3Mg-0.05Ti alloy was cut
into smaller pieces; and each piece was remelted in another
resistance furnace using an SiC crucible (with 3 kg capacity for
cast-iron melt) at 750 °C. After cleaning off the dross, the melt was
further alloyed with desired amounts of an Al-5Zr master alloy
to provide different Zr contents (0.05%, 0.1%, 0.3%, and 0.5%)
in the castings. To ensure complete mixing, the molten alloy was
stirred with a graphite rod for about 1 min. Then, degassing was
conducted using C,Cl; tablets (0.3% of the molten alloy) for about
2 min. After stirring and cleaning off the dross, the molten alloy
was poured into a ductile iron mold [Fig. 1(a)] pre-heated to 150 °C
to produce sub-sized tensile test samples according to ASTM
B108/B108M-12¢1 standard [Fig. 1(b)]. The cooling rates of the
tensile samples during solidification were measured as ~18 °C-s™
using a K-type thermocouple inserted into the middle of the gauge
length parts of the samples [Fig. 1(a)]. The actual Zr contents
of the samples with 0.05%, 0.1%, 0.3%, and 0.5% Zr additions
were measured using a Spectrolab analyzer, as 0.049%, 0.098%,
0.283%, and 0.455%, respectively. To conduct T6 heat treatment,
the tensile samples were solutionized at 530 °C for 12 h
followed by water quenching to room temperature, and then
were immediately aged at 160 °C for 12 h before air cooling "\
The structural studies were carried out on the thin-section
samples (6 mm diameter) cut from the gauge length parts of the
tensile test castings [Fig. 1(b)]. The cut sections were polished
using standard metallographic techniques, and then were etched
using Keller’s reagent (2 mL HF, 3 mL HCI, 5 mL HNO;, and
190 mL H,0) to reveal the structures. An optical microscope
(OM) equipped with an image analysis system (Clemex Vision
Pro. Ver. 3.5.025) was used to measure the average grain sizes
of the samples, according to the linear intercept method (ASTM
E112-12 standard).

Further microstructural characterization of the specimens was
conducted on a CamScan MV2300 scanning electron microscope
(SEM) operated at 25 kV, and equipped with an energy-
dispersive X-ray spectroscopy (EDS) detector. Transmission
electron microscopy (TEM) samples were prepared by twin-jet
electropolishing in a 25vol.% nitric acid in methanol solution at
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Fig. 1: Cast iron mold and position of thermocouple used
for cooling rate measurements (a), and tensile test
sample dimensions (b) (unit: mm)

-30 °C and 10-12 V. TEM was performed using an FEI Tecnai
G” F20 TEM operated at 200 kV. Also, X-ray diffraction (XRD)
analysis was conducted on a Philips X’pert Pro diffractometer
using Cu Ka radiation. The hardness measurements of the
samples were carried out in an ESEWAY universal hardness
tester using a 30 kg load and a 2.5 mm diameter ball. At least
seven measurements were performed at random positions on
the surface of each specimen. The tensile tests were conducted
on a computerized MTS tension machine equipped with a strain
gauge extensometer at a constant cross-head speed of 1 mm-min
at room temperature. The fracture surfaces of the tensile samples
were also characterized using the same SEM.

3 Results and discussion

3.1 Structural characterization
The OM as-cast microstructures of the Al-4.5Cu-0.3Mg-0.05Ti
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alloy with the additions of different amounts of Zr consist
of equiaxed grains and an elongated phase at the grain
boundaries, as shown in Fig. 2. In addition, a coarse particle

exists in the intergranular region of the 0.5% Zr-added sample
[Fig. 2(e)].

\lintergranular
phase

Fig. 2: OM as-cast microstructures of Al-4.5Cu-0.3Mg-0.05Ti alloy without (a) and with 0.05% (b), 0.1% (c),

0.3% (d), and 0.5% (e) Zr additions

The average grain sizes of the samples are summarized in
Table 2, showing no significant change in the grain size of the
Al-4.5Cu-0.3Mg-0.05Ti alloy by alloying with Zr up to 0.5%.
This fact reveals the ineffectiveness of the Zr additions in the
grain refinement of the Al-4.5Cu-0.3Mg-0.05Ti alloy solidified
under 18 °C's' cooling rate. A previous study "*' showed that
the additions of more than 0.05% Ti to the Al-4.5Cu-0.3Mg
alloy also have no obvious grain refining effects. These results
indicate the saturation of the number density of the active
heterogeneous nucleation sites “* in the alloy containing 0.05%
Ti during solidification under 18 °C-s™ cooling rate. Also, the
fact that Zr is a much less effective grain refiner than Ti for Al
alloys "*', could be another reason for this observation.

Table 2: Average grain sizes of samples with different Zr

contents
Zr content Grain size Std. dev.
(Wt.%) (um) (um)

0 64 8
0.05 65 7
0.1 63 8
0.3 61 7
0.5 63 8

XRD patterns taken from the Zr-free and 0.5% Zr-added
samples in the as-cast condition are shown in Fig. 3. As can
be seen, the diffraction peaks of the a-Al as the matrix, and
0-AlLCu as the elongated grain boundary phase (Fig. 2), are
identified in both samples.
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Fig. 3: XRD patterns of as-cast Zr-free (a) and 0.5%
Zr-added (b) samples

Figure 4 illustrates the SEM microstructures of the as-cast
Al-4.5Cu-0.3Mg-0.05Ti alloy with 0%, 0.05%, 0.1%, 0.3%,
and 0.5% Zr additions. The a-Al grains and the elongated
grain boundary 0-Al,Cu phase are found with dark (lower
atomic number) and bright (higher atomic number) contrasts,
respectively, which the latter formed as a result of the eutectic
reaction during the last stage of non-equilibrium solidification.
It is noted that there are no coarse primary Al,Zr particles
in the as-cast microstructure of the 0.3% Zr-added alloy
[Fig. 4(d)], since 0.3% Zr is soluble in the alloy melt at 750 °C *!),
and the high cooling rate of the mold prevents the formation
of the coarse primary Al;Zr particles during subsequent
cooling. However, the OM [Fig. 2(e)] and SEM [Fig. 4(e)]
microstructures of the as-cast alloy containing 0.5% Zr, along
with the SEM-EDS analysis in Fig. 4(e) reveal the existence of
the coarse primary Al,Zr particles in the intergranular regions.
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These Al,Zr particles formed in the alloy melt, since 0.5% Zr
could not completely dissolve in the liquid Al at 750 °C Y
and were subsequently pushed into the intergranular regions
by the growing solid phase (a-Al) during solidification. It is

Intensity (counts)

TR

noted that the diffraction peaks of the coarse Al,Zr phase were
not identified in the XRD pattern of the 0.5% Zr-containing
sample [Fig. 3(b)] due to its too low volume fraction in the
microstructure [Figs. 2(e) and 4(e)].

Fig. 4: SEM microstructures of as-cast Al-4.5Cu-0.3Mg-0.05Ti alloy with different Zr contents: (a) 0%, (b) 0.05%,
(c) 0.1%, (d) 0.3%, and (e) 0.5%. The inset in (e) shows EDS point spectrum of Al,Zr particle

The SEM microstructures of the Al-4.5Cu-0.3Mg-0.05Ti
alloy with 0.05%, 0.1%, 0.3%, and 0.5% Zr additions after the
T6 heat treatment are shown in Fig. 5. As can be observed, the
elongated 6 phase at the grain boundaries was partly dissolved
and fragmented into smaller grain boundary precipitates
during solution stage of the T6 heat treatment (530 °C for 12 h).

Furthermore, the coarse Al,Zr phase remained undissolved in
the matrix [Fig. 5(d)] during solution treatment, as expected.

The bright-field TEM image in Fig. 6 shows the formation
of the fine spherical p'-Al,Zr dispersoids "*'"'"***! along with
the fine plate-like 0"-Al,Cu/0'-Al,Cu precipitates **** in the
microstructure of the 0.3% Zr-added alloy after the T6 heat

Fig. 5: SEM microstructures of T6 heat-treated Al-4.5Cu-0.3Mg-0.05Ti alloy with different Zr additions: (a) 0.05%,

(b) 0.1%, (c) 0.3%, and (d) 0.5%
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Fig. 6: Bright-field TEM image of 0.3% Zr-containing
sample after T6 heat treatment taken near [110]
zone axis. The inset shows corresponding [110]
SADPs taken from f'-Al,Zr dispersoids and
matrix

treatment. The corresponding selected area diffraction patterns
(SADPs) taken from the B' dispersoids and the o matrix (inset
in Fig. 6) are consistent with the diffraction patterns along
the [110] zone axis of both phases. It is further noted that the
weak superlattice reflections in the SADP of the ' phase are in
agreement with its L1, structure. Also, the orientation relationship
between the B' dispersoids and the o matrix is consistent with
the cube-on-cube orientation relationship (inset in Fig. 6).

3.2 Hardness, tensile properties and quality
index evaluations

The yield strength at 0.2% offset (YS), and ultimate tensile
strength (UTS), and Brinell hardness values of the samples
with different Zr contents in the as-cast and T6 heat-treated
conditions are shown in Figs. 7(a) and (b), and Table 3,
respectively. As can be seen, the YS, UTS, and hardness values
of the Zr-free alloy are gradually increased by alloying with Zr
in the as-cast condition. This is mainly due to the solid solution
strengthening effect of the supersaturated Zr atoms in the a-Al at
room temperature, as a result of the approximate insolubility of
Zr in the a-Al below 300 °C *Y, and the high cooling rate of the
tensile samples in the mold, along with sluggish precipitation
kinetics of the B'-ALZr phase in the a-Al matrix "”’. After the T6

heat treatment, the Y'S, UTS, and hardness values of the samples
with different Zr additions are increased significantly [Figs. 7(a)
and (b), Table 3], as a result of the dissolution of the elongated 6
phase at the grain boundaries (Fig. 5) during solution at 530 °C
for 12 h, and subsequently, precipitation of the nanoscale
metastable 0"/0' phases in the a-Al matrix (Fig. 6) P>
during aging at 160 °C for 12 h. Similar to the as-cast samples,
increasing the Zr content of the alloy in the T6 heat-treated
condition leads to a gradual increase in its hardness and strength
values [Table 3, and Figs. 7(a) and (b)], due to precipitation
of the nanoscale metastable B' dispersoids in the a-Al matrix
(Fig. 6) “''***) Also, the non-shearable coarse primary Al,Zr
particles in the microstructure of the 0.5% Zr-added sample with
a low volume fraction [Figs. 2(e), 4(e) and 5(d)], could slightly
increase the hardness and YS values of the alloy in both as-cast
and T6 heat-treated conditions, due to their blocking effect on
movement of dislocations (Orowan mechanism) %

The elongation values of the Al-4.5Cu-0.3Mg-0.05Ti alloy
in the as-cast and T6 heat-treated conditions are gradually
decreased by alloying with Zr [Fig. 7(c)] as a result of the
strengthening effects of the Zr additions. The elongation drops
from 0.3% Zr to 0.5% Zr additions are more noticeable due to
the existence of the coarse Al,Zr particles in the microstructures
of the 0.5% Zr-added samples [Figs. 2(e), 4(e) and 5(d)], which
act as crack initiation sites ™). Interestingly, the elongation
values of the samples containing various amounts of Zr in the
as-cast condition are tremendously increased by the T6 heat
treatment, as a result of the dissolution of the elongated grain
boundary 6 phase (Fig. 5) which is responsible for the initiation
of cracks in the as-cast microstructures (Figs. 2 and 4) ™.

To assess the quality of Al alloys, the quality index (Q)
parameter, combining the strength and elongation values, has
been introduced. Din et al. ** proposed the following equation
to calculate the Q parameter for Al-Cu alloys in the underaged
conditions:

0=YS+KE (1)

where E denotes elongation, and K is a material-dependent
constant with a value of 7.5 MPa for A206-type Al-Cu-Mg
alloys "7,
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Fig. 7: YS (a), UTS (b), and elongation (c) values of Al-4.5Cu-0.3Mg-0.05Ti alloy versus its Zr content. The numbers

on columns show average value of each column
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The Q values of the samples were calculated using Eq. (1), as
provided in Table 3. It can be seen the Q values of the samples
containing different Zr contents increase significantly after
the T6 heat treatment, due to the increases in both YS and
elongation values [Figs. 7(a) and (c)]; and the 0.3% Zr-added
alloy in the T6 heat-treated condition has the highest O value
(249 MPa), which is important from an industrial applications
standpoint.

3.3 Fractography

Figure 8 shows the fracture surfaces of the 0.05% Zr-added
samples in the as-cast and T6 heat-treated conditions. The
occurrence of the necking in the fracture surface of the T6
heat-treated specimen indicates its higher deformation than the
as-cast specimen, consistent with the higher elongation values
of the samples after the T6 heat treatment [Fig. 7(c)].

Table 3: Mechanical properties of Al-4.5Cu-0.3Mg-0.05Ti alloy with different Zr additions
in as-cast and T6 heat-treated conditions

Zr addition amount
(wt.%)

State
0
0.05
0.1 As-cast
0.3

0.5

0.05
0.1 Heat-treated

0.3

0.5

Hardness

(BHN) Q (MPa)
50 166
52 168
53 168
55 169
57 161
85 232
87 234
88 237
93 249
94 236

Fig. 8: Low magnification SEM images of fracture surfaces of Al-4.5Cu-0.3Mg-0.05Ti alloy containing 0.05% Zr

in as-cast (a) and T6 heat-treated conditions (b)

Figures 9 and 10 exhibit the fracture surfaces of the Al-
4.5Cu-0.3Mg-0.05Ti alloy with additions of 0.05%, 0.1%,
0.3%, and 0.5% Zr in the as-cast and T6 heat-treated conditions,
respectively. The fracture surfaces predominantly illustrate
ductile fracture mode including dimples and cracked 6
particles (higher magnification insets of Figs. 9 and 10) in both
conditions; however, the dimples are finer in the T6 heat-treated
samples, consistent with the higher elongation values of the
samples after the T6 heat treatment [Fig. 7(c)]. It is noted that
the coarse 0 phase (coarse intermetallic compound) along the
grain boundaries in the microstructures of the samples in the
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as-cast condition (Figs. 2 and 4) is more prone to cracking
at lower stresses and strains than the fine 6 and metastable
phases (fine intermetallic compounds) in the microstructures
of the T6 heat-treated samples (Figs. 5 and 6), forming larger
voids (corresponding to the larger dimples) **. Since the
voids grow during further deformation until their coalescence
(formation of void sheets) and beginning of the fracture *¥, the
formation of the larger voids results in the lower elongation of
the samples. Figure 9(d) shows a cracked coarse Al,Zr particle
on the fracture surface of the 0.5% Zr-added alloy, along with
microporosity adjacent to the particle, indicating the blocking
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Fig. 9: High magnification SEM microstructures of fracture surfaces of Al-4.5Cu-0.3Mg-0.05Ti alloy with
additions of 0.05% (a), 0.1% (b), 0.3% (c), and 0.5% (d) Zr in as-cast condition

Fig. 10: High magnification SEM microstructures of fracture surfaces of Al-4.5Cu-0.3Mg-0.05Ti alloy
containing 0.05% (a), 0.1% (b), 0.3% (c), and 0.5% (d) Zr in T6 heat-treated condition

effect of the coarse Al;Zr on the liquid feeding in the last
stages of solidification. Thus, the formation of the coarse Al,Zr
particles in the intergranular regions of the 0.5% Zr-containing
alloy [Figs. 2(e), 4(e) and 5(d)], would have deleterious effects
on the elongation [Fig. 7(c)].

4 Conclusions

Based on the structural characterization and tensile tests
conducted on the Al-4.5Cu-0.3Mg-0.05Ti alloy with different Zr
additions, solidified under the high cooling rate (18 °C-s™), in the
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as-cast and T6 heat-treated conditions, the following conclusions
can be drawn:

(1) The as-cast structure of the Al-4.5Cu-0.5Mg-0.05Ti alloy
consists of the equiaxed grains of the a-Al with the average size
of 64 um. The grain size is not noticeably changed by alloying
with Zr up to 0.5%, indicating the ineffectiveness of Zr in the
grain refinement of the alloy. Also, the elongated 0 phase exists
at the grain boundaries in the as-cast microstructures of the
samples. In addition, the coarse AL,Zr particles are present in the
intergranular regions of the as-cast 0.5% Zr-added sample, due to
the incomplete dissolution of 0.5% Zr in the alloy melt at 750 °C.

(2) After the T6 heat treatment, the elongated 0 phase at
the grain boundaries is fragmented into smaller particles as a
result of its dissolution in the o matrix during solution step;
however, the coarse Al,Zr particles remain unchanged in the
microstructure of the 0.5% Zr-containing alloy. Also, the
fine PB' dispersoids and the fine 6"/0' precipitates form in the
microstructures during T6 heat treatment.

(3) The elongation values of the alloy gradually decrease
while the hardness, YS, and UTS values gradually increase
with the increase of the Zr addition amount in the as-cast and
T6 heat-treated conditions. However, 0.5% Zr addition leads to
significant drops in the elongation values of the alloy in both
conditions, due to the existence of the coarse Al;Zr particles in
the microstructure.

(4) Both strength and elongation values of the samples
are increased by the T6 heat treatment, leading to significant
improvements in the quality index (Q) values of the samples.
The T6 heat-treated alloy with 0.3% Zr has the highest Q value
(249 MPa).

(5) The fracture surfaces of the samples with different Zr
additions exhibit ductile fracture mode including the dimples
and cracked intermetallic phases in the as-cast and T6 heat-
treated conditions; the sizes of the dimples are finer in the
T6 heat-treated samples, due to their finer 0, and nanoscale
metastable phases.
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