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Abstract. This study discusses how the addition of trace amounts of Zr (0.15 wt%) affect the
microstructure and change the mechanical properties of 6061 alloys. The results show that
adding a trace amount of Zr can refine the grains thereby enhancing the alloy’s hardness and
mechanical properties after aging heat treatment. After thermal exposure at 250°C, alloys
without Zr displayed a reduction of mechanical properties because the metastable Mg>Si
strengthening phase grew into the coarse B-Mg:Si equilibrium phase during the thermal
exposure, while the alloys with Zr displayed a plentiful precipitation of the Als;Zr phase,
which effectively hindered the movement of dislocations and thus improved their mechanical

properties.

1.Introduction

6061(6xxx series) alloys, 6061 Al alloy which is one of AI-Mg-Si system alloys, have
been broadly applied for the production of medium-strength materials for structural design
and construction [1]. The 6061 alloy could become the preferred material for vehicle panels
and other parts in the lightweight automobile and aerospace industries, because it has medial
strength and good corrosion resistance, fatigue strength, and weldability [2]. However, the
application of 6061 alloys is currently limited because their properties such as strength,
formability, and heat resistance performance are inferior to those of steel alloys.
Developments in the automobile and aerospace industries have resulted in a high demand for
aluminum alloys that are resistant to heat (over 230°C) [3,4]. The problem is that the
metastable Mg>Si phase precipitates from the aluminum matrix of the 6061 alloy after heat
treatment, converting to the Mg>Si equilibrium phase very rapidly at working temperatures of
over 210°C [5]. This change results in rapid deterioration of the alloy’s mechanical properties
making the traditional 6061 alloys unsuitable for structural components for the
next-generation vehicles and aerospace technologies. Consequently, efforts are being made
for the development of new aluminum alloys with better strength and better heat resistance. It
has been reported that the addition Zr can effectively improve the recrystallization

temperature, strength, fracture toughness, and stress corrosion resistance of Al-Zn—Mg and
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Al-Zn-Mg—Cu alloys [6,7]. However, studies on how Zr affects the microstructure and
mechanical properties of 6061 alloys, especially the 6000 series aluminum alloys are scarce.
The 6061 alloys are currently used as structural materials in the vehicle and aerospace
industries. However, the traditional 6061 alloys do not possess the required strength and heat
resistance of the materials needed for the production of high-end vehicles and aerospace
technologies. This current work thus studies the effects of Zr on the microstructure and the
mechanical properties of 6061 alloys. The thermal stability is expected to improve after
extended thermal exposure as confirmed by examining the change in the alloy’s heat

resistance performance.

2. Experimental Procedures

Pure aluminum ingots (99.8%) were melted in an electrical resistance furnace at 750°C.
The alloying elements included pure Si, pure Mg, Al-75Mn (wt.%), and a master alloy of
Al-60Ti (wt.%) and Al-10Zr (wt.%), which were added in sequence. After adequate agitation
and 30 minutes of degasification with pure Ar gas, the melt was poured into a preheated (300
°C) metallic cylinder mold with dimensions of @120 m x 200 mm. The compositions of the
alloy ingots was measured by optical emission spectroscopy (OES) (results are listed in Table
1).

Table 1. Chemical compositions of the experimental alloys (wt%).

Alloy Si Mg Fe Mn Ti Zn  Zr Al
A 045 082 0.11 0.15 0.03 0.01 - Bal
B 0.55 0.80 0.10 0.15 0.03 0.04 0.15 Bal

*N.D.:Non-detectable ; Bal: balance.

Two different alloys were used for comparison: alloy A, containing no Zr; and alloy B,
containing 0.15 wt.% Zr. After homogenization treatment of the cast ingots at 530°C for 4
hours, they were extruded at 450°C to form long sticks with a dimension of @15 mm, after
which they were processed into specimens with dimensions of 20 mm x 13 mm x 13 mm. The
alloys were then subjected to a T6 heat treatment. The process started with a solution heat
treatment at 530°C for 2 hours, followed by quenching to the ambient temperature in water
and then an 10 hours artificial aging treatment at 170 °C. Thermal exposure started with the
T6 heat treatment, after which the specimens were stored at the ambient temperature for 5
hours before they were subjected to a 100-hour thermal exposure in an air furnace at 250°C.
The mechanical properties of the specimens were tested at the ambient temperature to
evaluate the thermal stability of the alloys. A spherical aberration corrected field emission
transmission electron microscope (Cs Corrected Field Emission TEM, JEM-ARM200 FTH)
were used to observe the microstructure of the alloys, while an energy dispersive spectroscope

(EDS) was used for the second phase composition analysis.
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3. Results and Discussion

3.1 Effects on the microstructure and mechanical properties during aging

The curve for the age hardening of alloy B(0.15 Zr) with Zr is similar to that of alloy A
without Zr (Fig. 1). In the 0—4 hour stage, the hardness of both alloys rapidly improved. The
alloy hardness reached a peak after 4 hours of aging. After the hardness of alloy A, which did
not contain Zr, reached its peak, it gradually declined with the aging time. However, the
hardness of alloy B, which contained Zr, stayed at around 100 HRB. The reason for this result
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is that the addition of Zr allowed the refined AlsZr phases to precipitate, mainly along the
grain boundaries which effectively hindered the movement of the grain boundaries and
dislocations, thus significantly improving the alloy hardness.

Figure 1. Changes in the Rockwell hardness of alloys A and B (Zr-containing) with time
during artificial aging at 170°C.

Figure. 2 displays the transmission electron microscopy (TEM) micrographs of alloys A
and B(0.15Zr) after 10 hours of aging. We can observe that the strengthening ’-Mg>Si phases
are evenly distributed throughout both the alloy matrix, but additional fine AlzZr phases can
be found in alloy B(0.15Zr).

20 .nm ; i « 20 nm

Figure 2. TEM micrographs of the microstructure observed in the T6 heat treated 6061
alloy: (a) alloy A and, (b) alloy B (Zr-containing).
137 %16 F



3.2 Thermal exposure test

Figure. 3 shows a mechanical properties graph of alloys A and B (0.15 Zr) after T6
thermal exposure at 250°C. We can see from the figure that during thermal exposure, both
alloys decreased in hardness, with the hardness of alloy B(0.15 Zr) being markedly higher
than that of alloy A. This result indicates that alloy B (0.15 Zr) had better heat resistance. The
TEM microstructure graph of T6-heat-treated alloys A and B (0.15 Zr) after 50 hours of
thermal exposure at 250°C reveals that the ’-Mg>Si phase strengthened and coarsened into
the stick-shaped B-Mg>Si phase, which was not integrated to the alloy matrix, resulting in a
loss of the strengthening effects on the alloy (as shown in fig. 4). This effect is the main
reason for softening of the alloy at high temperature. However, there was a substantial change
in the morphology of the refined Al;Zr phase which did effectively enhance the alloy’s heat
resistance. In AlzZr the movement of dislocations is affected by growth and coarsening of the
grains at the grain boundaries. With the application of Zener formula [8], P, = 3fyGB/2r (r and
f are the radius ratio and volume ratio of the dispersoids; yGB is the grain-boundary energy),
it can be found that when the precipitates are more refined, the force that drags the grain
boundary is larger, thereby hindering the movement of the grain boundaries and enhancing
the alloy’s hardness. Therefore, adding Zr can significantly improve the thermal stability of
the alloy.
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Figure 3. (a)Hardness and (b) ulitimate tensile strength of the T6 heat treated alloys A and

B (Zr-containing) after thermal exposure at 250°C for various times.
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Figure 4. TEM micrographs for the T6 heat treated 6061 alloy after thermal exposure at
250°C for 50 h: (a) alloy A and, (b) alloy B (Zr-containing).

3.3 Fracture morphology

Figure 5 shows the fracture surfaces of tensile specimens of the alloy A and B (0.15Zr) in
the T6 state. The fracture surfaces of the two specimens contained a distribution of dimples.
The dimples in alloy A, shown in Figure 5(a), were more coarser with noticeable cleavage
planes. A finer dimple distribution was displayed on fracture surface of alloy B(0.15Zr)
(Figure 5(b)). Since cleavage represents brittle fracture and dimples ductile fracture, the
fracture surface of alloy A, with poorer ductility, showed a mixed rupture mechanism of
brittle and ductile fracture. Alloy B (0.15Zr) with better ductility than alloy A, exhibited more

ductile fractures.

Figure 5. SEM fractographs of the T6—treated tensile specimens: (A) alloy A, and (B) alloy
B (Zr-containing).



4. Conclusions

This study explored the effects of adding trace amounts of Zr on the microstructure,
mechanical properties, and thermal stability of 6061 alloy. Based on the results obtained and
their analysis, the significant findings were drawn:

1. The addition of Zr allowed the formation of a precipitate AlzZr phase during aging heat
treatment, which enhanced the mechanical properties of the alloy.

2. Thermal exposure resulted in a strengthening of the metastable Mg>Si phase and the
-Mg>Si equilibrium phase, which led to a dramatic decline in the alloy’s mechanical
properties.

3. The addition of a trace amount of Zr led to precipitation of the Al3Zr phase during
thermal exposure, thus hindering the growth of the grains and the movement of the

dislocations, which effectively enhanced the thermal stability of the 6061 alloy.
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