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Abstract

The precipitation behavior of Zr-bearing dispersoids in an Al-0.8%Mg-1.0%Si alloy was
investigated for different homogenization treatments (450-550 °C). The effect on the
recrystallization resistance of the alloy was also studied during post-deformation annealing. With
an addition of 0.2 wt.% Zr, two different Zr-bearing dispersoids were observed depending on the
homogenization conditions. Homogenization at 450 °C for 2 h resulted in the precipitation of fine
and dense L1,-AlzZr dispersoids (8-10 nm), which were found to be coherent with the matrix. In
contrast, extended homogenization times, such as 12 h at 450 °C, or increasing the homogenization
temperature to 500-550 °C produced elongated DO2,-(Al,Si)3Zr dispersoids with a larger size.
During hot compression testing, the addition of 0.2 wt.% Zr combined with homogenization at
450 °C increased the high-temperature flow stress by 20% relative to the base alloy free of Zr,
revealing their potential to inhibit the dislocation motion and dynamic recovery. Both dispersoids
were found to have positive impact on the retardation of recrystallization during post-deformation
annealing, but the fine and coherent AlsZr dispersoids were more effective than the coarse and
incoherent (AL Si)3Zr dispersoids.
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1. Introduction

The trend to reduce vehicle fuel emissions continues to offset the effect on global warming. As
a result, the industrial demand to develop light, fuel-efficient automobiles has increased rapidly.
Because of their high strength-to-weight ratio, good weldability, and inherent corrosion resistance,
and suitability for different product forms including extrusions, AI-Mg-Si 6xxx aluminum alloys
are excellent candidates for manufacturing automotive parts, such as front rails, bumpers, and
structural body components (Ref 1). During the manufacturing process of such products, 6xxx
alloys undergo through hot deformation processes such as extrusion and rolling. The hot
workability of a particular alloy has a direct impact on the production cost. In addition, the
thermomechanical process itself can influence the material’s properties including strength and
ductility (Ref 2), and control of grain structure and recrystallization during hot deformation and
subsequent heat treatment is of particular importance. Alloying using transition elements is an
effective technique used (Ref 3—5) to achieve this goal through the formation of small and dense
dispersoids which induce a pinning effect on high and low angle grain boundaries. Dispersoids
can also prevent slip localization in precipitation hardened materials which is important for
ductility critical applications such as crash systems. As a result, the correct distribution of such
particles can inhibit recrystallization and improve mechanical properties (Ref 6,7). Dispersoids are
relatively stable at high temperatures, having slow coarsening kinetics, and can therefore pin the
grain boundaries and dislocations effectively during hot deformation. The desired dispersoid
characteristics, e.g., size, distribution and number density, can be achieved by optimizing the
homogenization treatment and the alloy chemistry (Ref 8,9).

Zirconium is widely used as a microalloying element added to Al-Zn-Mg 7xxx aluminum alloys
to form fine and thermally stable dispersoids due to its low diffusion rate (Ref 5,9,10). Fine and
coherent L1,-AlsZr dispersoids can precipitate during annealing or homogenization as a
consequence of the supersaturation of Zr in the a-Al during solidification (Ref 8,11). Cubic L1»-
structured Al;Zr dispersoids form principally in the grain interior during homogenization at
relatively low temperatures. It is reported that these dispersoids transform to undesirable
equilibrium tetragonal DO23-AlzZr phase during prolonged heat treatments at high temperatures
(Ref 6,8,12). By using high resolution transmission electron microscopy (HRTEM), some planar
faults were observed inside L12-Al3Zr indicative of the early stage of transformation from a cubic
to tetragonal structure after high temperature treatment (Ref 13). Moreover, Himuro (Ref 14)
suggested that this transformation occurred as a result of the interactions of coherent dispersoids
with migrating grain boundaries during recrystallization. However, in 6xxx alloys, the presence of
Si can influence the Zr dispersoid phase type by forming a different phase at high temperatures. It
has been reported that Si tends to stabilize DO22-(Al,S1)3Zr instead of DO23-AlsZr through the
substitution of Si for Al in the metastable Al;Zr phase (Ref 12,13,15). In addition, Si was found to
increase the nucleation rate of dispersoids by reducing the volume free energy for dispersoid
formation (Ref 6).



Thermomechanical processes such as extrusion and rolling are commonly used to get the desired
product form i.e., extruded profiles and sheets. Post-deformation heat treatments such as annealing
or solutionizing followed by aging, are usually performed to achieve the desired mechanical
properties. However, static recovery (SRV) and static recrystallization (SRX) occur during post-
deformation annealing because of the high strain energy and the high density of substructures (Ref
16). For many applications the retention of a non-recrystallized structure is preferred for improving
mechanical properties and corrosion resistance (Ref'9,17,18). Thermally stable Zr dispersoids have
been shown to have significant impact on retarding dislocation movements and inhibiting
recrystallization in aluminum alloys (Ref 9,17,19-21). Regarding 6xxx alloys, Hichem et al. (Ref
6) reported that the precipitation of AlzZr before the deformation of Al-Mg-Si alloys was
effectively inhibited recrystallization. On the other hand, Meng (Ref 22) and Zou et al. (Ref 23)
reported a reduced inhibition effect of Al;Zr precipitates in 6xxx alloys compared to Al3Sc and
Al3(Zr,Sc). Birol (Ref 24) found that the combined addition of Cr and Zr had a favorable impact
on the recrystallization resistance in AA6082.

To date, there are discrepancies in the reported effects of Zr containing dispersoids on
recrystallization resistance in Al-Mg-Si 6xxx alloys. Furthermore, the precipitation behavior of
different types of Zr dispersoids has not been studied systematically. The present work was
therefore undertaken to study the precipitation behavior of Zr dispersoids during homogenization
and their effects on the recrystallization resistance in an Al-0.8%Mg-1.0%Si alloy. Different
homogenization treatments were conducted at 450, 500, and 550 °C for 2 and 12 h. The
microstructure evolution was characterized with optical microscopy and scanning electron
microscopy. The hot deformation behavior of the alloys was evaluated by hot compression testing.
The recrystallization resistance during post-deformation annealing was assessed using electron
backscatter diffraction (EBSD) analysis.

2. Experimental work

Two Al-0.8%Mg-1.0%Si alloys were prepared and referred to as “base” and “0.2Zr” alloys.
The chemical compositions analyzed using optical emission spectrometer are listed in Table 1. The
alloys were prepared using pure Al (99.7 wt.%) and pure Mg (99.8 wt.%) as well as Al-50 wt.%
Si, Al-25 wt.% Fe, and Al-15 wt.% Zr master alloys. The materials were melted using an electrical
resistance furnace and cast into a permanent steel mold preheated to 250 °C to obtain rectangular
ingots with dimensions of 30 mm % 40 mm X 80 mm. Different homogenization treatments were
conducted on cast ingots at 450, 500 and 550 °C for 2 and 12 h with a heating rate of 100 °C/h
followed by water quenching to room temperature.

Uniaxial hot compression tests were performed on a Gleeble 3800 thermomechanical simulator
using cylindrical samples with a diameter of 10 mm and length of 15 mm. The compression tests
involved heating the samples up to the deformation temperature (400 °C) with a heating rate of 2
°C/s and then holding for 3 minutes to ensure a uniform temperature. The samples were deformed
to a true strain of 0.8 with a strain rate of 1.0 s”! followed by water quenching to retain the deformed



microstructure. Graphite foils were inserted between the cylindrical samples and the anvils to
minimize the friction occurring during the deformation. To study the recrystallization resistance, a
post-deformation anneal was performed at 500 °C for 4 h for selected homogenization conditions.

To reveal the microstructural features, the homogenized samples were polished using standard
metallographic methods. The intermetallic phases and dispersoids were observed using optical
microscopy (Nikon, Eclipse ME600) and scanning electron microscopy (SEM, JEOL-6480LV)
after etching by 0.5% HF for 30 seconds. A transmission electron microscope (TEM, JEM—2100)
operated at 200 kV was used to resolve the Zr dispersoids. The TEM samples were ground and
electropolished using a twin-jet electropolisher operated at 15 V and -20 °C with 30 vol.% nitric
acid and 70 vol.% methanol. The samples were observed in both dark and bright field modes near
the [001] zone axis to reveal different types of Zr dispersoids. The average dispersoid size and
number density were calculated based on a quantitative analysis of TEM images. The TEM foil
thickness was measured by the convergent electron beam diffraction (CBED) method (Ref 25).

The microstructures after deformation and annealing were characterized using EBSD analysis.
The EBSD samples were sectioned parallel to the deformation axis along the centerline direction,
and then mounted and mechanically ground using SiC papers. The polishing was subsequently
carried out using 6 pm, 3 um diamond suspension followed by final polishing using 0.5 pm
colloidal silica suspension to achieve high indexing quality. The central region of the samples was
examined for the selected conditions. All-Euler orientation maps were used with a step size of 1
um for grain structure and 0.5 um for the quantitative measurement of the misorientation
distribution of boundaries. The low angle boundaries (2-5°), medium angle boundaries (5-15°), and
high angle boundaries (>15°) were presented by white, green, and black lines, respectively. To
exclude the microstructure noise caused by sample preparation, misorientation angles below 2°
were not considered.

3. Results and Discussion
3.1. As-cast and homogenized microstructures

Figure 1 shows backscattered SEM images of the as-cast microstructures for the base and 0.2Zr
materials (Fig. 1). The microstructures of both alloys were mainly composed of a-Al with
intermetallic phases distributed along interdendrite boundaries. Based on their morphologies and
SEM-EDS analysis, these were identified as B-AlFeSi and primary Mg>Si, appearing bright and
dark, respectively (Fig. 1a and b). When comparing the grain structure (EBSD images, Fig. 1c and
d), the base alloy exhibited a coarser grain structure with an average grain size of 211£61 pum,
while the 0.2Zr alloy possessed a more uniform grain structure with an average grain size of 133432
um. The fine grain structure of the 0.2Zr alloy could be attributed to the primary crystals of AlsZr
acting as nucleation sites for a-Al during solidification (Ref 26,27). The inset of Fig. 1b shows one
of fine AlzZr primary particles formed in 0.2Zr alloy.



Figure 2 shows the optical microstructures of the base alloy for different homogenization
conditions. After homogenizing at 450 °C for 2 h (Fig. 2a), a significant amount of B-Mg>Si
(indicated by arrows) was precipitated out of the matrix in areas adjacent to the B-AlFeSi and the
primary Mg>Si phases. Such areas were enriched with high supersaturation levels of Mg and Si
during solidification due to the high segregation tendency of these elements towards the grain
boundaries and interdendritic regions (Ref 28). Extending the homogenization time to 12 h at 450
°C promoted further precipitation of f-Mg>Si, as shown in Fig. 2b. A reduced amount of B-Mg>Si
precipitate was observed when the temperature was increased to 500 °C compared to 450 °C for
soak times up to 12 h, as shown in Figs. 2c and d. However, the primary Mg>Si phase from the
original cast structure was almost unaffected by increasing the homogenization temperature to 500
°C. Based on equilibrium calculations on the experimental compositions using ThermoCalc, a
relatively high temperature of 560 °C was found to be required to dissolve the primary Mg>Si phase
in this alloy. Therefore, homogenizing at a temperature close to this temperature, namely at 550
°C, suppressed the precipitation of B-Mg>Si precipitates and significantly dissolved the primary
Mg>Si phase into the a-Al matrix, as shown in Figs. 2e and f.

In the case of the 0.2Zr alloy (Fig. 3), a generally higher amount of B-Mg>Si precipitate was
observed compared to the base alloy (Fig. 2). This can be related to the smaller grain size and
consequently the larger total grain boundary area of the 0.2Zr alloy, where the segregation of Mg
and Si typically occurs. Similar to the base alloy, the precipitation of B-Mg>Si in the 0.2Zr alloy
only occurred at 450 °C and 500 °C with a reduced amount at 500 °C. The most outstanding feature
of the homogenized microstructure of the 0.2Zr alloy was the presence of a large amount of Zr-
bearing dispersoids which were mainly precipitated at the dendrite centre at 500 °C (Fig. 3¢ and d)
and 550 °C (Fig. 3e and f). In addition, much smaller dispersoids precipitated at 450 °C (Fig. 4a)
that could not be observed by the optical microscope. The dispersoids were distinguished from the
-Mg>Si precipitates based on the morphology and size using SEM, where the former (black arrow)
were globular and much smaller in size, and the latter (white arrow) exhibited a needle-like
morphology with a larger size. It is worth noting that the amount and size of the dispersoids
depended mainly on the homogenization condition as shown by SEM images in Fig. 4 and TEM
images in Fig. 5.

3.2.Evolution of Zr-bearing dispersoids

The evolution of the Zr-bearing dispersoids in the 0.2Zr alloy during homogenization was
studied using TEM. Figures 5a-f show bright-field TEM images for the range of homogenization
conditions investigated, where precipitation of two types of Zr-bearing dispersoids was observed.
Homogenization at 450 °C for 2 h (Fig. 5a) resulted in the precipitation of nano-sized spherical Zr-
dispersoids with a relatively high density. These were not detected with OM and SEM observations
due to their small size which ranged between 8 and 10 nm. It is well known that at relatively low
temperatures, the driving force for the precipitation of Zr dispersoids is higher due to the high level



of Zr supersaturation in the matrix (Ref 27). This supersaturation leads to the precipitation of nano-
sized dispersoids with a homogeneous distribution.

When the holding time at 450 °C was increased to 12h (Fig. 5b), the density of the spherical
dispersoids decreased and few elongated dispersoids (black arrows) were formed. Increasing the
homogenization temperature to 500 °C (Figs. 5c and d), promoted the formation of the elongated
dispersoids at the expense of the spherical dispersoids; the former were found to form after only 2
h, i.e., more rapidly than they did at 450 °C. When the homogenization temperature was further
increased to 550 °C (Figs. 5e and f), very few spherical dispersoids were present for both holding
times, while the elongated dispersoids became dominant, displaying a lower density with a coarser
morphology after 12 h compared with 2 h.

To better characterize both Zr-bearing dispersoid types, the dark field TEM imaging mode was
used and selected area electron diffraction patterns (SAEDPs) were recorded together with TEM-
EDS analysis. The fine spherical dispersoids formed after homogenization at 450 °C for 2 h can be
clearly seen in Fig. 6a. The corresponding SAEDP shown in Fig. 6b was obtained at the [001]
zone axis and revealed faint spots from the dispersoids between the strong spots of the a-Al. The
orientation relationship between the dispersoids and a-Al was observed to be ([100] Al // [100]
dispersoid), indicating that these dispersoids were L12-AlsZr (Ref 13,29). It was reported that due
to the similarity of the lattice parameters between the aluminum matrix and L12-Al3Zr dispersoids,
these dispersoids exhibited a coherent interface with the matrix with a slight mismatch (Ref 8). The
higher magnification bright field TEM image shown in Fig. 6¢ displays typical coarse elongated
Zr-bearing dispersoids formed after homogenization at 550 °C for 12 h. These were identified as
DO22-(Al,Si)3Zr according to their SAEDP (Fig. 6d), which are most likely incoherent or semi-
coherent to the matrix (Ref 30). This was also confirmed by TEM-EDS analysis, which revealed
that they contained a considerable amount of Si besides Al and Zr, as shown in Fig. 6e. It was
reported (Ref 13,14,30) that the DO22-(ALSi)3Zr phase can be transformed from the metastable
L12-AlsZr phase in the presence of Si, which substitutes for Al, increasing the stability of the DO2»-
(Al,Si1)3Zr phase.

The number density and the average size of each dispersoid type were quantitatively measured
based on image analysis of TEM images, and results are presented in Fig. 7. The L1,-AlsZr
dispersoids exhibited their highest number density (4300 1/um?) and smallest average size (8.5 nm)
after homogenization at 450 °C for 2 h. With increasing homogenization temperature or holding
time, the number density decreased, while the average size increased, reaching the minimum and
maximum values (300 1/um?® and 20 nm, respectively) after homogenization at 500 °C for 12 h.
Almost no L1,-AlzZr dispersoids were detected in the samples homogenized at 550 °C. The
opposite trend was observed for the elongated DO2>-(Al,S1)3Zr dispersoids during homogenization.
Their number density increased with higher temperature or longer time, reaching a maximum value
of 155 1/um? with an average size of 96 nm when homogenized at 550 °C for 2 h. After extended
time (12 h) at 550 °C, the number density of the (Al,Si);Zr dispersoids dropped to 50 1/um? while
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the size increased to 178 nm, revealing a significant coarsening effect (Fig. 5f). The opposite
precipitation trends of the two types of Zr-bearing dispersoids suggest the progressive
transformation of the L12-AlzZr dispersoids to the DO2»- (Al,S1):Zr dispersoids with increasing the
homogenization temperature and time.

At a relatively low temperature where the supersaturation level of Zr in the matrix is high, the
diffusion rate of Zr atoms is sluggish. Therefore, the tendency for nucleation is higher than for
growth which is evident by the high number density at 450 °C for 2 h. However, prolonging the
soaking time allowed silicon diffusion and substitution for Al, which subsequently increased
formation of DO22-(Al,Si)3Zr at the expense of the metastable L12-AlsZr. This also suggests that
450 °C is too high to preserve the L1>-AlzZr phase for an extended soaking time. The other
important factor is the available amount of Si in the matrix, which is essential for the transformation
process. At low temperatures, the precipitation of Mg>Si left less silicon available in the matrix for
the transformation. In contrast, high temperature homogenization dissolved both primary and B-
Mg>Si, increasing the availability of the silicon in the matrix and promoting the transformation to
(ALS1)3Zr.

3.3. Hot deformation behavior

Figure 8 shows typical flow curves for both base and 0.2Zr alloys at 400 °C and a strain rate of
1 57! after different homogenized conditions. In all cases, the stress generally rose rapidly in the
early stages of compression before reaching its peak value because of dislocation multiplication
and the high rate of work hardening. Then, the flow stress continued to increase with increasing
strain, but at a lower rate, indicating the occurrence of dynamic softening. However, work
hardening was still dominant over softening due to the high deformation rate (1 s!), which leads
to tangled dislocation structures (Ref 31). The peak flow stress was defined as the tangent point on
the flow curve by drawing a line along the steady-state region of the flow curve, as shown in Fig.
8a.

For the base alloy (Fig. 8a), it was found that the peak flow stress increased progressively with
increasing homogenization temperature, regardless of the holding time, attaining 43, 53, and 58
MPa at 450, 500, and 550 °C, respectively. Due to the absence of Zr-bearing dispersoids in the
base alloy, solid solution strengthening was the major strengthening mechanism affecting the flow
stress. Since the amount of equilibrium B-MgySi precipitates decreased with increasing
homogenization temperature (Fig. 2), which in turn enriched the a-Al solid solution with Mg and
Si solutes, the solid solution strengthening was promoted, increasing the flow stress. In addition,
homogenization at 550 °C dissolved the primary Mg>Si phase in the a-Al, further increasing the
solid solution strengthening and flow stress. For the 0.2Zr alloy (Fig. 8b), homogenizing at 500 or
550 °C resulted in no significant changes of the peak flow stress compared to the base alloy.
However, the peak flow stress was increased by around 20 % compared to the base alloy (52 MPa
vs. 46 MPa) after homogenization at 450 °C. This increase is attributed to the strengthening effect



of the large amount of coherent AlzZr dispersoids, which were optimally precipitated at 450 °C.
The pinning effect of such dispersoids on the dislocation movement and dynamic recovery has
been extensively reported in 7xxx alloys (Ref 9,19,32).

Two homogenization conditions for each alloy were selected for the investigation of the as-
deformed microstructure, namely 450 °C for 2 h and 550 °C for 2h, where the spherical AlsZr and
elongated (Al,Si)3Zr dispersoids attained their highest number densities, respectively. Figure 9
shows the corresponding EBSD Euler orientation maps, which reveal different features of the as-
deformed microstructures, including low angle boundaries (2°-5°), medium angle boundaries (5°—
15°), and high angle boundaries (>15°) represented by white, green, and black lines respectively.
All maps showed elongated grains perpendicular to the compression direction along with a large
number of low and medium angle boundaries, indicating the presence of high densities of
dislocations and subgrains (Ref 33). It may be also noted that due to the high deformation condition
(high Z), the grain boundaries exhibited serrations and bulging for all conditions. For the base alloy,
no significant differences were observed between the two homogenization conditions (Fig. 9a and
b). Both conditions exhibited a recovered structure with a large amount of low and medium angle
grain boundaries resulting from high dislocation density generated during deformation.

EBSD mapping of the 0.2Zr alloy also revealed a recovered structure but with less homogenous
deformation compared to the base alloy. This heterogenous deformation was evident by the grain
subdivision (Fig. 9¢) or the appearance of deformation bands (Fig. 9d). In addition, the samples
homogenized at 450 °C (Fig. 9c) showed a significantly higher number density of dislocations and
substructure compared to the base alloy. The high density of dislocation cells and subgrains
observed at 450 °C was locally introduced due to the slow dynamic recovery with the piling-up of
dislocations caused by fine AlsZr dispersoids (Ref 34). However, homogenization at 550 °C
resulted in a more recovered structure with a reduced level of low angle boundaries (Fig. 9d),
indicating less inhibition of dynamic recovery associated with the coarse (Al,Si)3Zr dispersoids
compared to the finer AlsZr dispersoids. The results are consistent with the flow curve trends in
Fig. 8b, where the slope of the flow curve at 450 °C was higher than at 550 °C, corresponding to
the higher inhibition of softening associated with AlzZr dispersoids compared to (Al,Si);Zr. The
increased coherency with the matrix and the smaller size of AlsZr dispersoids induced higher
Zener-drag pinning effect on migrating subgrain boundaries during hot deformation (Ref 35,36).

3.4. Recrystallization resistance

Figure 10 shows EBSD Euler orientation maps of the microstructures of the base and 0.2Zr
alloys after annealing at 500 °C for 4 h. The misorientation angle distribution and boundary
fractions are presented in Fig. 11 and Table 2, respectively. The base alloy exhibited almost fully
recrystallized grains after annealing regardless of the homogenization conditions, as shown in Figs.
10a and b. In contrast, the 0.2Zr alloy homogenized at 450°C/2h still retained the original
elongated grains with a recovered structure (Fig. 10c), while the 550°C/2h treatment resulted in a
partially recrystallized structure (Fig. 10d).



The quantitative results in Fig. 11 and Table 2 show that the annealed base alloy possessed
mostly high angle grain boundaries (HAB, > 90%) after both homogenization conditions,
confirming a fully recrystallized grain structure. The low recrystallization resistance of the base
alloy can be attributed to the absence of particles/dispersoids with a sufficient pinning effect, which
could retard the boundary migration. On the other hand, the majority of the grain boundaries in
the 0.2Zr alloy after annealing were low angle boundaries (LAB). The grain structures observed in
the annealed 0.2Zr alloy depended on the homogenization treatment applied. Homogenization at
450 °C for 2 h, resulted in a recovered structure with a high density of low angle boundaries, as
shown in Figs. 10c and 11c. Only a very small number of recrystallized grains was observed near
original grain boundaries (arrowed in Fig. 10c). The misorientation angle distribution in Fig. 11c
showed a high fraction (82.3 %) of low angle boundaries (LAB) with a mean angle of 10.6°,
indicating a strong inhibiting effect of fine spherical dispersoids AlsZr on the dislocation
polygonization and subgrain coalescence. After homogenization at 550 °C for 2 h (Fig. 10d and
11d), the density of LAB was substantially reduced, and correspondingly HAB were increased. An
increased number of coarse grains featuring no internal substructure were also observed along grain
boundaries (arrowed in Fig. 10d), indicating a higher growth rate of recrystallized grains during
annealing as compared to after homogenization at 450 °C for 2 h. The misorientation angle
distribution (Fig. 11d and Table 2) also reflected a clear increase in the fractions of HAB for the
higher temperature treatment (38.3 % at 550 °C for 2 h vs. 17.7% at 450 °C for 2 h) and increase
in mean misorientation angle (17.9° at 550 °C for 2 h vs. 10.6° at 450 °C for 2 h) relative to
homogenization at 450 °C for 2 h. These results indicate that the elongated (Al,Si)3Zr were less
effective at inhibiting recrystallization than the fine Al;Zr dispersoids.

According to the expression for Zener pinning (Ref 9,37), particles having a smaller size and
higher volume fraction produce a higher pinning force. Moreover, there are two other essential
particle features controlling the grain boundary pinning effect, namely the interface coherency and
the uniformity of the particle distribution within the microstructure. Regarding the coherency, the
maximum pinning force associated with coherent dispersoids was reported by Liu (Ref 17) to be
twice that produced by incoherent dispersoids of the same size. Therefore, the smaller, coherent
AlzZr dispersoids in the present study were more effective at inhibiting boundary migration and
consequently in increasing the recrystallization resistance compared to the coarse, incoherent
(ALSi)3Zr dispersoids. The other important factor is the dispersoid free zones (DFZs) arising from
the non-homogeneous distribution of Zr in the matrix during solidification, which leads to an
uneven distribution of dispersoids (Ref 9,19,35). During high temperature homogenization, more
Si becomes available due to the dissolution of primary Mg>Si into the matrix, promoting (Al,Si)sZr
dispersoid formation in the dendrite centers. Figure 12a shows the distribution of (AlLSi)sZr
dispersoids after homogenization at 550 °C for 2 h using a dark field optical micrograph. There
was a high number density of dispersoids in the dendrite centers, but large DFZs were observed at
interdendritic and grain boundaries up to 10 pm in width. Therefore, recrystallization during
annealing was more likely to occur in DFZs along the grain boundaries. The DFZs associated with
AlsZr dispersoids formed during low-temperature homogenization at 450 °C were significantly



narrower (~450 nm, Fig. 12b), and this further contributed to the effectiveness of the AlzZr
dispersoids at inhibition of recrystallization.

4. Conclusions

The evolution of Zr-bearing dispersoids in an Al-0.8%Mg-1.0%Si alloy and their effect on hot

deformation and recrystallisation resistance were studied under different homogenization

conditions. The following conclusions can be drawn:

1.

Two types of Zr-bearing dispersoids can be precipitated in Al-0.8%Mg-1.0%Si alloy with
an addition of 0.2 wt.% Zr, depending on the homogenization conditions. Homogenization
at 450 °C for 2 h resulted in the precipitation of fine and coherent L1>-Al3Zr dispersoids.
With increasing homogenization temperature and/or time, elongated and incoherent DO22-
(ALSi)3Zr dispersoids were formed, which dominated the microstructure when
homogenized at 550 °C.

The addition of 0.2 wt.% Zr combined with homogenization at 450 °C produced a high
density of fine AlsZr dispersoids (~10 nm) with a uniform distribution, increasing the high-
temperature flow stress by 20% relative to the base alloy free of Zr, and promoting a strong
Zener pinning effect on dislocation movement and a high inhibiting effect on dynamic
recovery.

The addition of 0.2 wt.% Zr combined with homogenization at a conventional temperature
of 550 °C produced a low density of coarser (AlSi)3Zr dispersoids (100-200 nm), which
had a minimal effect on high-temperature flow stress and a moderate effect on the
retardation of dynamic recovery.

Both dispersoid types were found to increase the recrystallization resistance during post-
deformation annealing. However, the pinning effect of the AlzZr dispersoids and hence the
corresponded recrystallization resistance was significantly higher than that of the (Al,Si)3Zr
dispersoids. As a result, selection of the homogenisation treatment is critical to control the
Zr dispersoid type and the microstructure evolution during thermomechanical treatment.
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Figure Captions

Fig. 1. SEM images of as-cast microstructure and EBSD images of grain distribution for the base
(a,c) and 0.2Zr (b,d) alloys.

Fig. 2. Optical micrographs showing the microstructures of base alloy for different homogenization
conditions.

Fig. 3. Optical micrographs showing the microstructures of 0.2Zr alloy for different
homogenization conditions. The arrows in (d) and (e) indicate dispersoid zones (DZs).

Fig. 4. SEM images showing the Zr bearing dispersoids of 0.2Zr alloy after homogenization at 450
°C (a), 500 °C (b), and 550 °C (c) for 12 h soaking time.

Fig. 5. Bright field TEM images of 0.2Zr alloy for different homogenization conditions: (a,b) 450
°C for 2 and 12 h, (c,d) 500 °C for 2 and 12 h, and (e,f) 550 °C for 2 and 12 h.

Fig. 6. Identification of Zr-bearing dispersoids: (a) dark field TEM image showing L1>-AlZr
dispersoids after homogenization at 450 °C for 2 h; (b) SAEDP corresponding to (a); (c) bright
field TEM image showing DO22-(Al,S1)3Zr dispersoids after homogenization at 550 °C for 12 h;
(d) SAEDP corresponding to (c); and (¢) TEM-EDS analysis of DO22-(AlSi):Zr dispersoids.

Fig. 7. Number density (a) and average size (b) of L1,-Al3Zr and DO22-(Al,Si)3Zr dispersoids at
different homogenization conditions.

Fig. 8. Typical flow curves at 400°C and 1 s™! strain rate: (a) base alloy and (b) 0.2Zr alloy. WH
stands for the work hardening which mainly controls the flow behavior in the first stages of
compression, while WH + DS stands for both the work hardening and the dynamic softening after
reaching the peak flow stress.

Fig. 9. Euler orientation maps of as-deformed structures after hot deformation (400 °C,1 s!) of the
base alloy (a, b) and 0.2Zr alloy (c, d) homogenized at 450°C/2h and 550°C/2hr, respectively. Low
angle (2°-5°), medium angle (5°-15°), and high angle boundaries (>15°) were represented by white,
green, and black lines, respectively.

Fig. 10. Euler orientation maps after annealing (500 °C for 4 h) for the base (a, b) and 0.2Zr alloys
(c, d) for two homogenization conditions (450°C/2h and 550°C/2h). Low angle (2°-5°), medium
angle (5°-15°), and high angle boundaries (>15°) are represented by white, green, and black lines,
respectively.
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Fig. 11. Misorientation angle distribution for base and 0.2Zr alloys for different homogenization
conditions after annealing treatment at 500 °C for 4 h.

Fig. 12. OM dark field image (a) and dark field TEM image (b) of 0.2Zr alloy homogenized at
550°C/2h (a) and 450°C/2h (b), respectively.

Tables
Table 1. Chemical composition (wt.%) of the experimental alloys.
Alloy Mg Si Fe Zr Ti Al
Base 0.81 1.05 0.18 -—- 0.15 Bal.
0.2Zr 0.83 1.01 0.20 0.193 0.11 Bal.
Table 2. Quantitative analysis of EBSD results.
. L. e LAB (<15°) HAB (=15°) Mean angle
Alloy Homogenization condition fraction, % fraction, % boundary, °
450°C/2h 9.4 90.6 34.6
Base
550°C/2h 6.3 93.7 36.2
450°C/2h 82.3 17.7 10.6
0.2Zr
550°C/2h 61.7 38.3 17.9
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Fig. 1. SEM images of as-cast microstructure and EBSD images of grain distribution for the base
(a,c) and 0.2Zr (b,d) alloys.
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Fig. 2. Optical micrographs showing the microstructures of base alloy for different homogenization
conditions.
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Fig. 3. Optical micrographs showing the microstructures of 0.2Zr alloy for different
homogenization conditions. The arrows in (d) and (e) indicate dispersoid zones (DZs).
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Fig. 4. SEM images showing the Zr bearing dispersoids of 0.2Zr alloy after homogenization at 450
°C (a), 500 °C (b), and 550 °C (c) for 12 h soaking time.
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Fig. 5. Bright field TEM images of 0.2Zr alloy for different homogenization conditions: (a,b) 450
°C for 2 and 12 h, (c,d) 500 °C for 2 and 12 h, and (e,f) 550 °C for 2 and 12 h.
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Fig. 6. Identification of Zr-bearing dispersoids: (a) dark field TEM image showing L1,-AlsZr
dispersoids after homogenization at 450 °C for 2 h; (b) SAEDP corresponding to (a); (c) bright
field TEM image showing DO2>-(Al,S1)3Zr dispersoids after homogenization at 550 °C for 12 h;
(d) SAEDP corresponding to (¢); and (¢) TEM-EDS analysis of DO22-(AlSi)3Zr dispersoids.
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Fig. 8. Typical flow curves at 400 °C and 1 s’! strain rate: (a) base alloy and (b) 0.2Zr alloy. WH
stands for the work hardening which mainly controls the flow behavior in the first stages of
compression, while WH + DS stands for both the work hardening and the dynamic softening after
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Fig. 9. Euler orientation maps of as-deformed structures after hot deformation (400 °C,1 s™!) of the
base alloy (a, b) and 0.2Zr alloy (c, d) homogenized at 450°C/2h and 550°C/2hr, respectively. Low
angle (2°-5°), medium angle (5°-15°), and high angle boundaries (>15°) are represented by white,
green, and black lines, respectively.
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(a) Base alloy (450°C/2h)

Fig. 10. Euler orientation maps after annealing (500 °C for 4 h) for the base (a, b) and 0.2Zr alloys
(c, d) for two homogenization conditions (450°C/2h and 550°C/2h). Low angle (2°-5°), medium
angle (5°-15°), and high angle boundaries (>15°) are represented by white, green, and black lines,
respectively.
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Fig. 11. Misorientation angle distribution for base and 0.2Zr alloys for different homogenization
conditions after annealing treatment at 500 °C for 4 h.

Fig. 12. OM dark field image (a) and dark field TEM image (b) of 0.2Zr alloy homogenized at
550°C/2h (a) and 450°C/2h (b), respectively.
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