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Al-Si wrought piston alloys can lack properties due to inefficient grain refin-
ing. A novel Al-Nb-B grain refiner was introduced some time ago, but has still
not been assessed in industry for wrought alloys. This paper describes the first
trial of AI-Ni-B addition and its impact on the full-scale manufacturing,
structure, and properties of the AA4032 products extruded with and without
billet homogenization. It is shown that Nb-B inoculation gives opportunities
not only to have a refined as-cast structure but also a more homogenous dis-
tribution of the solute. In contrast, homogenization drives nucleation and
coarsening of the Mg,Si phase that is retained during further extrusion and
heat treatment also affecting the precipitation and properties. It was observed
that non-homogenized specimens perform better during machining and tensile
testing compared to homogenized specimens. The results are supported by
electron microscopy investigations of microstructure formation during differ-
ent steps in downstream processing.

INTRODUCTION

Wrought heat-treatable 4xxx piston Al alloys are
well-established engineering materials manufac-
tured under tailored routes to exhibit a favorable
set of mechanical and service properties. They begin
their life cycle with direct chill (DC) casting to
produce billets, followed by downstream thermome-
chanical processing, including direct forging or
extrusion and precipitation treatment.'? Primarily,
the latter should provide sufficient hardening gov-
erned by metastable precursors of the Mg,Si and Q
phases with high number density.® Additionally,
during the whole cycle, the shape and uniformity of
hard insoluble constituents, such as Si, y-Al;CuyNi,
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0-Al3CuNi, and f-AlgFesSis, should be controlled to
provide appropriate machinability upon cutting to a
piston-like (or other) shape.**

For tuning the above-mentioned structural fea-
tures, grain refinement is the first procedure
applied upon casting the wrought Al alloys. Ideally,
a cast billet should have uniform fine grains and cell
structure over its cross-section, no coarse inter-
metallics, minimum surface segregation, or shell
zone, and an acceptable surface finish. The quality
of the billet has a strong influence on the alloy
response to the subsequent thermomechanical
treatment.” Apparently, as eutectic-formers, neither
Si and Cu nor Fe and Ni, main components in the
AA4032 alloy, are efficient agents for grain refin-
ing.®? At the same time, the Al-Ti-B grain refiner,
which is well established in DC casting of wrought
alloys, is poorly active on alloys containing more
than 5 wt.% Si, due to the interaction of Ti with Si
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followed by the formation of titanium silicides (i.e.,
TiSi, T1812, and TisSi3) and Ti-depletion in the
melt 0,11

One school of thought proposes manipulating the
solidification instead by techniques involving direct
melt shearing or ultrasonic treatment, both of which
provide significant grain refinement, but still
require substantial process improvements and
upscahng before being implemented in industrial
practice.’®® Another method based on conventional
chemical inoculation implies the design of special
Ti-free grain refiners to avoid the Si poisoning
effect. For instance, Al-B grain refiners have been
shown to reduce grain size due to the high-nucleus
potency of the AlB, particles.!* However, the Al-B
grain refiner acts similarly to Al-Ti-B even if a
minor amount of Ti is present in the alloy,'® which
brings limitations in its use in large-scale manufac-
turing involving secondary scrap. Recently, AlI-Nb-B
and Al-V-B have been proposed as an alternative
grain refining addition to overcome the Si poisoning
effect. It should be noted that, in the case of the Al-
Nb-B grain refiner, the AlsNb, NbB,, and NbB;
partlcles are acting synergistically during solidifi-
cation,'®% i.e., realizing the full potential of Nb and
B, as compared to Al-V-B, in Wh1ch only VB,
partlcles are potent rather than Al 3V.'7 Moreover,
Nb-based master alloys have been found to be
efficient over a wide range of compositions and
solidification conditions.®

However, despite that manifest impact, Al-Nb-B
grain refiners have not yet been fully studied in
industrially important DC casting followed by ther-
momechanical treatment. One should note that
inoculation by grain refiners might be able to tune
not only primary fcc Al grains but also second-phase
particles. This effect was evidenced for AlFeSi
intermetallics in AA6xxx alloys inoculated by Al-
Ti-B, and attributed to enhancing nucleation that
occurred preferentially on the {0001} basal planes of
TiB,.'%?% In the AA4032 alloy, the dominating
possible stress raisers are coarse eutectic Si phase
particles. In pivotal works on Al-Nb-B grain refine-
ment, a considerably fine and homogeneous distri-
bution of Al-Si eutectic was obtained due to a more
uniform distribution of the alloying elements at the
solidification front and eutectlc pools as compared to
the non-inoculated alloy.'® Similar results have
been reported on the LM series Al alloys, including
hypereutectlc and insoluble intermetallics-rich com-
positions.’ Major experimental studies have been
carried out using a TP-1 mold that had been
established to simulate DC casting solidification
conditions and to estlmate grain-refining efficiency.
However, according to,?! the shape and distribution
of second phases are not consistent with DC casting,
as these features also depend on other metallurgical
factors, such as thermal gradients and macro-seg-
regation of elements, etc. Therefore, it is expedient
to conduct studies on large-scale DC-cast billets.

Grain refining can in some cases perform the
function of a homogenization treatment. Mean-
while, to refine second-phase particles appropri-
ately, homogenization is carried out at relatively
high temperatures (commonly more than 550°C)
and exposure times (commonly more than 5 h) that
according to estimations requlres up to 20%? of the
total energy consumed in the manufacturing of
wrought products. For this reason, the idea of
eliminating homogenization is appealing. This work
aims to investigate and discuss the distinct features
of the structure and properties of a DC-cast AA4032
alloy manufactured with and without the use of a
NbB grain refiner and with or without homogeniza-
tion before extrusion-based thermomechanical
treatment.

EXPERIMENTAL PROCEDURE

Casting Procedure and Analysis of Grain
Refining

Round billets of 152 mm diameter were cast in a
pilot DC casting facility at the Advanced Metal
Casting Centre in Brunel University, London. The
DC caster consists of an electrical resistance tilting
furnace (capacity up to 350 kg of liquid aluminum);
a launder that provides a delivery system; two hot-
top molds fitted into a casting pit; a hydraulic
movement mechanism for ingots (with a maximum
length of 2000 mm); a displacement sensor for
measuring the casting length and speed; a sub-
mersible water pump; and a system of pipes and
valves enabling water-flow rates of between 1 /s
and 3 1/s for the two molds. Process parameters such
as melt temperature in the launder, water flow
rates, and casting speed were controlled and
recorded as 1000 K, 3 mm/s and 3 U/s, respectively.
The casting procedure started with the preparation
of the AA4032 alloy (concentration in wt.%, Al-12Si-
1.2Cu-1.1Mg-0.5Fe-1Ni) by melting the primary
material, the master alloys, and then adding the
grain refiner in the form of an Al-4Nb-0.5B rod to
have an effective Nb content of 0.1 wt.%, according
to Ref. 18. A steady-state was reached after a
sufficient length of the billet was produced
(~ 300 mm). Cast billets were cut by sawing at
transverse sections from the steady-state stage.

The sawed slices were cut to smaller samples,
which were then ground and polished. The grain
structure was analyzed under cross-polarized light
after anodizing the samples in a 3% HBF, aqueous
solution. Non-treated AA4032 (hereafter, NT) alloy
and an alloy inoculated with the Al-3Ti-1B master
alloy were used as references to compare the
efficiency of the Nb-B grain refiner. The cooling
curves were recorded by thermal analysis.

Downstream Processing

One batch of AA4032 as-cast billets was homog-
enized before extrusion and a second batch was not
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homogenized (i.e., was investigated in the as-cast
condition). Both batches were extruded to 33-mm-
diameter round bars by hot extrusion using a 1.6-
MN extrusion press at the Advanced Metal Casting
Centre (AMCC) at Brunel University, and then
hardened by cooling with water immediately after
extrusion. The maximum extrusion breakthrough
pressure for the non- homogenized billets was 10%
more than the homogenized billets. It is well
established that homogenized billets extrude more
easily and faster than as-cast billets.? The standard
heat treatment T6 (peak aged)®® was carried out
with a batch of bars. To investigate the effect of
separate solutionizing, another batch of bars was
put in a temper T5 condition, i.e., aged straightaway
after extrusion without any solution treatment.

Examination of Samples

The microstructures were analyzed using a Zeiss
Supra 35 field-emission gun scanning electron
microscope (SEM) equipped with energy-dispersive
x-ray analysis (EDX) and operating at 20 kV. Har-
dening precipitates were observed using a JEOL-
2100F transmission electron microscope (TEM)
operated at 200 kV. TEM specimens were first
mechanically ground and polished to a thickness of
120 um, and then punched into 3-mm disks. The
disks were perforated by twin-jet electro-polishing
with an electrolyte consisting of 1/3 HNOj3; in
methanol below — 25°C at an operating voltage of
20 V. All TEM observations were performed along
the <001> Al zone axis. The electrical conductivity
of the as-cast and homogenized samples was mea-
sured with a Sigma Test Unit for the evaluation of
the dissolution process of the alloying elements.
Brinell hardness measurements were carried out on
the as-cast and homogenized samples using a load of
62.5 N and a ball diameter of 2.5 mm. Tensile tests
were conducted on at least 4 samples using an
Instron 5559 universal electromechanical testing
machine according to ASTM ES8, with dual-rate
(with a strain rate of 2.5 x 10™%s to 1% strain and
then 6.6 x 10~ %/s to failure).

RESULTS AND DISCUSSION
As-Cast and Homogenized Microstructure

Figure 1 shows the cooling curves and represen-
tative microstructures observed with polarized
light, which together make it possible to deduce
the grain-refining efficiency. From the cooling
curves, it is apparent that Al-4Nb-0.5B induces
heterogeneous nucleation of (Al) to the highest
extent (AT = 0.4 K) in comparison with Al-3Ti-B
(AT = 1.2 K) and with the NT alloy (AT = 3.5 K).
This signifies that nucleation of the first fractions of
solid (Al) phase takes place more easily in the
AA4032 alloy inoculated with Al-Nb-B.%* This phe-
nomenon well explains the substantial decrease in
grain size produced by inoculation with Al-Nb-B.
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Unlike the billets produced by commercial practice,
i.e., by the addition of Al-3Ti-1B, the billets pro-
duced by Al-4Nb-0.5B show a fine nearly equiaxed
structure from the edge to the center of the billet.
The average grain size for billets refined by Al-4Nb-
0.5B was 300 + 46 um, showing slight deviations
depending on the local chemical composition and
cooling rate in different parts of the billet. The local
cooling rate (dT/dt) encountered in a commercial
size DC-cast ingot varies from 0.4 K/s in the center
of the billet to around 10 K/s in the surface zone.?”
Despite a slightly larger grain size in the center
(about 340 um), it is still advantageously smaller
than even that in low-Si alloys like AA319 (Al-6%Si-
4%Cu) inoculated with Al-Ti-B, which was reported
in Ref. 26 to have a grain size of around 400 ym
after double Al-5Ti-1B addition. Ultimately, the
efficiency of the Al-4Nb-0.5B master alloy in grain
refining during large-scale DC casting has been
demonstrated here for the first time. Following the
established understanding of structure formation
during DC casting,?” and work?® that discussed the
formation of the directionally solidified structure of
Al-10Si alloy treated with Al-Nb-B, constrained
growth of columnar grains is provided by the Nb-
based grain refiner, and numerous nucleation sites
lead to mutual growth restriction among the grow-
ing grains.

The black areas in the grain structure correspond
to eutectic pockets that are much smaller in the case
of the billet refined by Al-4Nb-0.5B, as compared to
the conventional practice. Microstructural features
are generally consistent with the conventional DC-
cast AA4032 alloy structure discussed in Ref. 4. In
the as-cast state, there is a low number of secondary
dendritic arms that leave the eutectic mixture
surrounding the nearly equiaxed primary (Al) den-
dritic cells. In addition, there are ultrafine eutectic
(Si) bands which, however, switched to discrete
particles with a rounded shape most likely due to
spheroidization followed by advanced coalescence to
nearly 10 um after high-temperature annealing. In
other words, while both structures look homoge-
nous, microstructural features such as grain size
and Si-rich eutectic allow us to speculate about
comparable processability during deformation, as
less energy must be required for redistributing
ultrafine eutectic (Si) as compared to breaking up
large, round particles. Among other constituents,
compounds containing Ni, Cu, and Fe do not show
pronounced changes in their shape after homoge-
nization. Even though the intermetallics partially
broke up, most of them retained a flake-like shape
that can be explained by the much lower diffusion
coefficients of Fe, Ni, and Cu as compared to Si.

Figure 2 shows the SEM back-scattered images
and the EDX line-scan analysis conducted on as-
cast and homogenized AA4032 samples. The
microstructure of the as-cast billet consisted of
primary dendrites of aluminum-rich solid solution,
eutectic, and a well-defined interdendritic network
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Fig 1. Efficiency of grain refining by Al-4Nb-0.5B in the present study
compared to Al-3Ti-1B and non-treated (NT) alloy.

of intermetallics (Fig. 2a). After homogenization,
the intermetallics broke up into relatively small
discrete particles. The interdendritic platelets were
replaced almost entirely by discrete, round parti-
cles, giving a ‘necklace’ type configuration (Fig. 2b).
The size and distribution of the Mg,Si phase (black
constituents in Fig. 2a and b that influence precip-
itation hardening of the extruded products are
drastically different in the as-cast and homogenized
billets. The result of EDX line-scan analysis con-
ducted on the as-cast sample (Fig. 2¢) did not reveal
any segregation of Mg and Si in the microstructure.
This is attributed to the uniform microstructure
achieved by the use of the efficient Al-4NDb-0.5B
grain refiner, and might be due to a high enough
cooling rate during solidification of the billet that
retained the alloying elements in solid solution.?’
Similar findings were observed in Ref. 30 focused on
DC casting and the compressive deformation of the
AA4032 alloy with Er addition. On the other hand,
EDX line-scan analysis conducted on the homoge-
nized sample (Fig. 2d) revealed the segregation of
Mg and Si associated with the secondary phases.
They likely appeared as a result of secondary
precipitation of the Mg,Si during post-homogeniza-
tion cooling.?! Therefore, significant levels of Mg
and Si will not be available to form the strengthen-
ing precipitates during aging. It is possible that, due
to the high refining efficiency of the Al-Nb-B grain
refiner, a reduced total solidification time promoted
a finer distribution of phases, a cellular dendritic
structure, and the formation of a supersaturated
solid solution during accelerated solidification.?®
Additionally, due to low dendrite diameters, there
is a shorter path for Mg, Si, and Cu atoms to travel
and achieve equilibrium, and probably more time
for Mg,Si to nucleate and grow. The higher amounts
of Mg and Si atoms in the solid solution of the as-
cast sample as compared to the homogenized sample
were also reflected by lower conductivity (18 MS/m

versus 24 MS/m) and higher hardness (100 HV
versus 70 HV). This also clarifies the higher extru-
sion breakthrough pressure for the non-homoge-
nized billets, which we believe is worth considering
for the sake of the elimination of costly homoge-
nization treatment.

Extruded and heat-treated microstructure

The  representative @~ SEM  back-scattered
microstructures of the AA4032 alloy after extrusion
of as-cast and homogenized billets in the initial (T1),
T5, and T6 conditions are shown in Fig. 3. As
described previously, Al-Nb-B inoculation had an
effect on the as-cast microstructure and may
provide better processability during extrusion. How-
ever, in the extruded condition, its effect should be
negligible, as other factors, like deformation-in-
duced energy and annihilation of the microstruc-
ture, play a major role in structure formation.
Specifically, during extrusion, the structure encoun-
tered heating and deformation, both of which led to
the appearance of an oriented structure decorated
by undissolved particles. The presence of the black
Mg,Si phase constituents (arrowed in the insets of
Fig. 3) can be observed in all studied conditions, but
their amount and size are significantly different.
The sample extruded from the as-cast condition
hardly shows any Mg»Si inclusions (Fig. 3a). There
is no further coarsening of the MgySi particles
which occurred in the sample extruded from the
homogenized condition (Fig. 3b). It is most likely
that the low exposure time, during heating before
extrusion and friction while processing, both act to
suppress significant coarsening of Mg,Si. At the
macro-scale level, there is no significant difference
between the T1 and T5 conditions in both the
samples extruded from different billets (Fig. 3c and
d). In contrast, separate solution treatment drove
the precipitation of the MgySi phase (Fig. 3e) in the
sample extruded from the as-cast condition that
might be associated with the appearance of prefer-
ential nucleation sites with relatively higher energy
stored during deformation. Meanwhile, in the
homogenized T6 sample (Fig. 3f), these precipitates
are larger with a higher volume fraction.

Figure 4 shows the comparison in the size distri-
bution of the black phases between T6-conditioned
extruded bars manufactured from as-cast and
homogenized billets. One should note that the black
particles that appeared after T6 treatment in the
non-homogenized extruded sample have a dominat-
ing size of roughly 1-1.5 ym and there are no
particles more than 3.5 ym. Meanwhile, the sample
extruded from the homogenized billet shows parti-
cles of up to 6 um, which is equal to the size of other
insoluble intermetallics present in the microstruc-
ture. Apparently, there should be a difference in the
response to precipitation treatment among samples
based on the different solubility of the main ele-
ments, Si, Mg, and Cu.
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Fig 2. SEM micrographs of the AA4032 alloy in as-cast (a) and as-homogenized condition (b), and EDS scan results obtained from the as-cast

(c) and as-homogenized (d) samples.

To estimate the possible differences in the phase
composition, Thermo-Calc software (T'CAl4 data-
base) was used,® and two states reflecting
microstructures of the bars extruded from the non-
homogenized and homogenized billets were consid-
ered. As observed from Fig. 3a and b, the Mg,Si
phase is hardly visible in the bar extruded from the
non-homogenized billet, whereas it is clearly visible
in the bar extruded from the homogenized billet. For
this reason, we calculated the phase composition at
803 K (temperature at the end of extrusion) with
and without the appearance of the Mg,Si phase
(Supplementary Table 1).

Phase composition presented in the Supplemen-
tary Table 1 is consistent with previous work on the
4032 alloy,*® and also with the phase composition of
multicomponent Al-Si piston alloys.?® One should
note that the Mg, Si, and Cu content in the fcc (Al) is
consumed not only by MgsSi phase but also by the
eutectic (Si) and Fe- and Ni-bearing phases, which
were observed in the BSD images presented in
Figs. 2 and 3. Meanwhile, after excluding Mg,Si
from the calculation, only the Mg content is
increased (from 0.63 wt.% to 0.76 wt.%) while free
silicon is consumed mainly by eutectic (Si). The
latter shows an increase in volume fraction from
11.05 vol.% to 11.11 vol.% after excluding Mg,Si

from the calculation. Usage of an equilibrium phase
diagram can be misleading in predicting phase
composition during precipitation, due to the
kinetic-controlled and non-equilibrium nature of
the process. However, it can give us a clue about
the equilibrium phase composition which can be
achieved at the final stage of precipitation. Accord-
ing to the results presented in the Supplementary
Table 2, there is a decrease in Si and an increase in
the Q phase in the bar extruded from the non-
homogenized billet. Moreover, the change caused
phase composition of the solid solution to fall in the
area with Mg,Si, which is the stable phase for "
and f’ precursors.

One should note that " are the main grecipitates
in the peak-aged AIMgSi(Cu) alloys.?*3° Due to the
larger size, weaker strain fields, and broadening
precipitation length distribution, their transforma-
tions into other lath-like Q phase precursors is
associated with a reduction in the mechanical
strength.?®37 Different studies give controversial
information on the type of precipitates in AA4032
alloy.>° For this reason, it is essential to carry out
experimental investigations with TEM.

TEM investigations of the T6 tempered samples
are shown in Figs. 5 and 6. Most of the precipitates
in the peak-aged condition for the homogenized and
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Fig 3. SEM micrographs of the AA4032 extruded products: (a) extruded from as-cast condition T1, (b) extruded from homogenized condition T1,
(c) extruded from as-cast condition T5, (d) extruded from homogenized condition T5, (e) extruded from as-cast condition T6, and (f) extruded

from homogenized condition T6.

non-homogenized samples are needle-like ” precip-
itates aligned along <001>Al. A minority of lath-
like precipitates were observed in both samples.
They may be L or QC phases according to their
characteristic habit planes parallel to {100}Al or
{510}Al. The high-resolution TEM images in Fig. 5
reveal typical edge-on f** and L precipitates.®
With Al as reference, f” exhibits a monoclinic unit
cell structure of a = 1.516 nm, ¢ = 0.674 nm, and
f = 105.3°, as shown in Fig. 5a, with the following
orientation relationship to the matrix: (010)5//
(001)Al, [100]5//[—230]Al, [001]57//[310]Al. L phase

exhibits a monoclinic unit cell with parameters
a =1.032 nm, b = 0.81 nm, and y = 101°, as shown
in Fig. 5b. Although the number density of the
precipitates appears to be higher in the non-homog-
enized sample, it was not possible to compare the
homogenized and non-homogenized samples prop-
erly without making allowance for the different
thicknesses of the two specimens. Assuming a
similar thickness, the area density of the precipi-
tates between the two specimens suggest that the
number density of the precipitates in a given area of
the non-homogenized condition is higher. However,
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extruded products.

it was noticed that lath-like precipitates occupy in a
relatively higher proportion in the homogenized
sample than in the non-homogenized sample. Mea-
surement of the number of edge-on precipitates in
both samples revealed that there were a smaller
proportion of lath-like precipitates in the non-ho-
mogenized sample (5 out of 138) than in the
homogenized sample (5 out of 35).

The effect of the precipitates on the strength of
the aluminum alloys at the onset of yielding can be
predicted by the Orowan equation in its simplest
form: t = Gb/A, where G is the shear modulus, b is
Burgers vector of dislocation, and 1 is interparticle
spacing.®® From Fig. 5, it can be noticed that the
distance between the precipitates is smaller in the
case of the non-homogenized material. Smaller
interparticle spacing in the case of the non-homog-
enized material should therefore result in a higher
strength compared with the homogenized material.

Machinability and Tensile Properties

Chip breakability in terms of the number of chips
per 100 g is shown in Fig. 7 for the T5 and T6
samples extruded from as-cast and homogenized
AA4032 materials. This indicator of machinability
for the AA4032 homogenized T6 specimen is approx-
imately 50% higher than for the homogenized T5
specimen. Similarly, the machinability of the
AA4032 non-homogenized T6 specimen is approxi-
mately 80% higher than for the non-homogenized
T5 specimen, while the machinability indicator for
the AA4032 non-homogenized T6 specimen is
approximately 35% higher than for the homoge-
nized T6 specimen. A large number of chips for the
non-homogenized sample indicates that a relatively
smaller chip size was being produced during
machining compared with the homogenized sample.
The reason for the advantageous properties of the
bar produced from the non-homogenized billet is
likely to be a fine and uniform distribution of
insoluble particles within the matrix. These finely
dispersed phases particles assist the formation of
short, broken chips, regardless of where the tool
contacts the article being machined.® It should be
noted that this bar contains far fewer and finer-
scale black Mgs,Si particles as compared to the
homogenized material. The MgySi particles are
known for their hardness and brittleness and for
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acting as stress raisers.? During turning, extensive
plastic deformation occurs in the shear plane, which
causes the shear failure of less ductile materials.*
Furthermore, because there is a different hardness
and different thermal expansion of the secondary
phases and the matrix, the secondary phase parti-
cles can act as a source of stress concentration,
leading to crack formation.

Table I shows a comparison of the tensile proper-
ties of the extruded bars of AA4032. Compared with
the conventional homogenized material, the non-
homogenized material shows a higher yield
strength, ultimate tensile strength, and lower elon-
gation. The aged (T5) specimens showed a relatively
lower yield and ultimate tensile strength when
compared with the solutionized and aged (T6)
specimens. The results are consistent with the
microstructural analysis. Specifically, in the T6
condition, separate solution treatment probably
caused additional Cu dissolution in both samples,
leading to a higher strength compared with the T5
condition. The different Mg and Si contents changed
the precipitation sequence, as described in the
previous section, and led to increased strength in
the non-homogenized material. Although the non-
homogenized material shows a slightly lower elon-
gation, it still has a ductility acceptable for piston
application, with overall better properties than in
the as-cast material.*?

CONCLUSION

The use of an Al-Nb-B grain refiner in AA4032
DC-cast billets leads to finer-scale grain sizes, finer-
scale secondary phase particles, and changes in
precipitation hardening behavior, all of which
enable the elimination of homogenization in the
downstream processing of the AA4032 alloy, pro-
viding overall a better combination of the essential
material properties of machinability, mechanical
strength, and ductility. The reasons for these effects
have been investigated in detail, and the main
detailed conclusions are formulated as follows:

1. AA4032 alloy inoculated with Al-4Nb-0.5B alloy
was successfully manufactured by industrial-
scale DC casting for the first time. A pronounced
effect of Nb-B inoculation was shown in the
refining of grain structure and intermetallics
and in the homogeneity of solute distribution.

2. In the as-cast condition, most of the Mg and Si is

in solid solution as a result of an accelerated
cooling rate, probably caused by efficient inocu-
lation. In contrast, after homogenization, Mg,Si
discrete particles appeared, caused by secondary
precipitation during post-homogenization cool-
ing. The as-cast material, therefore, shows a
lower electrical conductivity and higher hard-
ness.

3. As-cast and homogenized billets were success-

fully extruded to bars. The microstructure of the
homogenized extruded products showed the
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Fig 5. Bright-field TEM images of T6-tempered AA4032 extrudates taken with the electron beam along the <100>Al orientation: (a)
homogenized and b) non-homogenized. Needle-like f” and lath-like L/QC phases are marked with dark and white arrows, respectively.

Fig 6. HRTEM images showing the typical edge-on (a) needle-like ” and (b) lath-like L precipitates, with the corresponding fast Fourier
transformation patterns inserted.

presence of larger Mg,Si particles in all condi- tensile yield strength of the non-homogenized
tions, i.e., T1, T5, and T6 compared with the material are better than in the homogenized
non-homogenized material. material because of the absence of the brittle

4. In T5 and T6 conditions, the machinability and Mg,Si phase and a modified precipitation se-
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Fig 7. Machinability in terms of chip weight at a cutting speed of
2.35 m/s and a depth of cut of 2 mm for AA4032 extruded from as-
cast and homogenized billets followed by T5 and T6 treatment.

Table I. Mechanical properties of the AA4032
extruded products in T5 and T6 conditions

YS UTS Elongation
Designation (MPa) (MPa) (%)
Homogenized T6 398 £+ 4 432 + 3 6.4
Non-homogenized 415+ 3 451+ 2 5.6
T6
Homogenized T5 354 +4 409 + 2 7.3
Non-homogenized 383 +3 433+ 3 4.8

T5
YS Yield strength, UT'S ultimate tensile strength.

quence. The latter is caused by a different Mg/
Si/Cu ratio in the primary fee (Al) solid solution,
which leads to a higher density of " precipitates
with lower inter-particle spacing compared with
the homogenized material.
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