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The microstructure and tensile properties of A319 aluminum alloy were
modified by three methods including the addition of three different amounts of
beryllium, T4 heat treatment, and a hybrid method of adding 0.06 wt.% Be
plus T4 heat treatment. The optimal amount of Be was 0.06 wt.%, which
resulted in almost the absence of the -phase and the best aspect ratio of the o-
phase and changed the coarse acicular Si to fibrous Si. However, the T4 heat
treatment distributed the phases uniformly, but it could not inhibit the for-
mation of the f-phase. The hybrid method led to the best results since the
addition of Be caused the formation of the «-phase, prevented the formation of
the f-phase and distributed the phases uniformly. Moreover, the fracture
mode in the sample modified by the hybrid method was completely ductile
while the other samples exhibited a contribution of brittle fracture to some

extent.

INTRODUCTION

Al-Si cast alloys are widely used to produce
automobile-related components such as engine
parts and power train components’? owing to their
outstanding properties such as high specific
strength,>* high castability,” recyclability,” and
corrosion resistance.” However, the mechanical
properties of these alloys directly depend on several
factors including composition, the alloying ele-
ments, applied heat treatments, melt treatments,
and solidification rates.® For instance, in the com-
position factor, iron can dramatically degrade the
mechanical properties of A3XX alloys since it forms
brittle intermetallic compounds such as f-AlsFeSi
and «-Al;5(Mn, Fe);Si with the presence of Si.>!°
The former is acicular or platelet-like and deterio-
rates the ductility of alloys!! while the latter
exhibits less negative effects.

There are many studies dealing with the modifi-
cation of A3XX alloys. For example, Srivinas et al.®
reviewed the effect of the addition of various trace
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elements such as Mg, Sr, Sc, Cu, Ni, Ti, B, Mn, V,
Zr, and Ca, reporting the separate influences of all
of these elements on both microstructure and
mechanical properties of A319 and A356 alloys.
Khalifa et al.'®> used ultrasonication to refine the
microstructure of A380 alloy but they could not
solve the problem of Fe-intermetallics and Si par-
ticles although they refined the grains. Cai et al.'®
applied a short T6 heat treatment on Al-Si-Mg-Mn
die-cast alloys and achieved comparable mechanical
properties to those that underwent long T6 heat
treatment. Vanderluis et al.'* added Sr to the A319
alloy and at the same time applied long-time stella—
wise cooling to modify the alloy. Khisheh et al.'®
studied the effect of the T6 heat treatment on
fatigue and fracture properties of the A380 alu-
minum alloy and extended the fatigue life of this
alloy used as engine cylinder heads. Emamy et al.'®
tried to refine the microstructure of the A356 alloy
by adding Ti, B, and Zr to the melt and found that B
exhibited the strongest effect. Qiu et al.'” modified a
near-eutectic Al-Si alloy with various amounts of
samarium and found the optimal content of Sm to
simultaneously refine primary Si and modify the
eutectic mixture. Karamouz et al.'® added lithium
and applied T4 heat treatment to modify the
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microstructure and mechanical properties of A380
alloy and found that the combination of Li addition
and T4 heat treatment could achieve much better
results.

However, precautions must be taken to use Be in
metallurgical processes, especially during melting
and casting operations, which may lead to signifi-
cant health risks that must be meticulously man-
aged. Beryllium is highly toxic, and exposure to its
fumes and dust during melting can lead to severe
respiratory issues, including chronic beryllium dis-
ease (CBD) or berylliosis. Thus, stringent control
measures, including the use of appropriate respira-
tory protection, adequate ventilation systems, and
regular health monitoring of workers, are impera-
tive when handling beryllium-containing materials.
These precautions are crucial to prevent inhalation
and manage the health risks associated with beryl-
lium exposure in industrial settings.'®

Therefore, although it appears that the modifica-
tion of A3XX alloys has been frequently attempted,
achieving better results by adding new elements
and new methods including hybrid ones is still
possible. The present research used a hybrid
method, i.e., Be addition and T4 heat treatment, to
modify the microstructure and mechanical proper-
ties of the A319 alloy and compares the results with
those obtained by separate Be addition, the T4 heat
treatment, as well as similar studies that were
previously published.

MATERIALS AND METHODS

Pure Al (99.87%), Si (99.99%), Cu (99.9%), and Al-
8%Fe master alloy were used to prepare A319 alloy
in an electrical resistance furnace. The chemical
composition of the alloy can be found in Table I. Be
was added to the melt using Al-8 wt.% Be master
alloys after calculating the exact weight to achieve
the required Be amount for each sample. Degassing
was performed by pouring dry CyClg broken tablets
(0.3 wt.% of the molten alloy) followed by adding
various amounts of pure Be (0 wt.%, 0.03 wt.%, 0.06
wt.%, and 0.09 wt.%) to the melt at 750°C. Then,
immediately after removing the dross, the melt was
poured into a ductile iron mold, as shown in
Fig. 1a.'® Also, it is worth noting that the crucible
capacity was 1 kg, in which 700 g melt (after
removing the dross) was prepared and the mold was
kept at room temperature for casting.

Table I. Chemical composition of the A319 alloy

Element Si Mg Fe Cu Zn Ni Ti Al

wt.% 6.5 008 03 35 02 01 0.1 Bal
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Fig. 1. Schematic illustrations of (a) the cast iron used for casting,
(b) the tensile test specimen. This figure is original artwork created
by the author using data from Ref. 18.

To find the optimum sample modified by the Be
addition, the samples were cut for microstructural
studies followed by polishing and etching using
Keller’s reagent.

For structural studies, section samples were cut
from specimens. The cut sections were polished and
then etched by Keller's reagent to reveal the
structure. The microstructure of the samples was
evaluated by an optical microscope, and the micro-
graphs were analyzed using Clemex software. In
addition, scanning electron microscopy (SEM-Cam
Scan MV2300) was employed for further observa-
tions. T4 heat treatment was applied to the optimal
sample modified by the Be addition as follows: The
A319 alloy underwent solution heat treatment by
heating at 500°C for 6 h followed by quenching in
water at room temperature, approximately 20—
25°C. Then, natural aging was conducted at room
temperature for 36 h. Notably, the optimal sample
was defined in terms of the microstructural fea-
tures, i.e., the lack of very harmful f-phase and
formation of less harmful a-phase with aspect ratios
as close as possible to 1 along with as uniform as
possible distribution of the phases formed.

Finally, tensile tests were performed on the
specimens (Fig. 1b) of various samples according
to the ASTM B557-10 standard using the Universal
tensile test machine at a strain rate of 1 mm/min.
For each sample, four tests were conducted, and the
average value was reported. In addition, the frac-
ture surfaces were evaluated by the above-men-
tioned SEM to detect the fracture behavior of the
samples.
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Microstructures

Figure 2 shows the microstructures of various
samples. Figure 2a depicts the micrograph of the
base A319 alloy or 0 wt.% Be. As can be seen, the
base alloy consists of primary aluminum phase,
eutectlc Sli and f-phase platelets. Other research
works®2%2! showed that four phases can be detected
in this alloy including Al, Si, f intermetallic com-
pounds and Al,Cu. In this sample, eutectic Si as
coarse acicular plates and f$-Als;FeSi intermetallic
phase in the form of platelets are dominant in the
microstructure. However, the addition of Be led to
major differences in the microstructure. As Fig. 2b
shows, the addition of 0.03 wt.% Be to the alloy
changed the morphology of the phases from acicular
to fibrous for Si whereas refined the f intermetallic
phase. Nonetheless, the modification continued by
adding 0.06 wt.% Be to the base alloy. In this
sample, the f intermetallic phase disappeared and
instead «-Al;5(Mn, Fe);Si was formed, which is
much better for the mechanlcal properties since it
has a skeletal structure®” rather than f-Al FeSi
with highly faceted platelets p0551b1y up to several
millimeters.?? However, an increase in the content
of Be to 0.09 wt.% led to the formation of coarser Si
and a-Al;5(Mn, Fe)sSi (Fig. 2d).

To find the optimal sample modified by the Be
addition in terms of the microstructural features,
the variations of the length and aspect ratio (i.e., the
ratio of the length of the precipitate to its width) of
various phases were plotted against the Be content
of the samples. Figure 3 displays the variations of
the length and aspect ratio of the -phase with the
addition of Be. It could be understood that both the
length and aspect ratio of this phase decreased with
the addition of Be so that the length of the f-phase,
which was about 18 um in the base alloy, decreased
to 7.8 um in the alloy modified by 0.03 wt.% Be.
Notably, by increasing the Be content, almost no -
phase (the percentages were very small and close to
zero) was formed in those modified by 0.06 and 0.09
wt.% Be in Fig. 3. The Be addition modified the alloy
by affecting the nucleation behavior of the -AlsFeSi
phase. In the A319 alloy system, primary aluminum
grains typically crystallize first because of their
higher melting point compared to the intermetallic
phases. The presence of 0.3% Fe in the alloy can
lead to the formation of -AlsFeSi, but this typically
occurs after the initial formation of primary alu-
minum grains. The -AlsFeSi phase generally forms
at a later stage during the solidification process,
particularly as part of the eutectic reaction where it
solidifies simultaneously with silicon in the inter-
dendritic regions. To clarify, the crystallization of

)

Fig. 2. Optical mlcrographs of various samples (a) unmodified A319 base aIon (b aIon modified by adding 0.03 wt.% Be, (c) alloy modified by

adding 0.06 wt.% Be, (d) alloy modified by adding 0.09 wt.% Be.
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Fig. 3. Variations of the length and aspect ratio of f-phase with
various amounts of Be.

primary aluminum grains precedes the formation of
p-AlsFeSi and continues until the eutectic reaction
involving «-AlFeSi and silicon phases occurs. This
sequence aligns with established solidification
behavior for aluminum-silicon alloys with minor
Fe additions, as described in sources such as stated
by Bickerud et al.'® However, comparing these
results with the effects of Li on the A380 alloy'®
shows that Li could not effectively modify the
microstructure of the A380 alloy since it did not
result in the disappearance of f-AlsFeSi and only
refined this phase and changed its dimensions,
while Be could completely remove this phase,
resulting in the formation of a-Al;5(Mn,Fe)3Si. The
same trend can be observed for the aspect ratio of
the f-phase. Another noteworthy point in Fig. 3 is
that the error bars of both the length and aspect
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ratio data decreased with an increase in the Be
content added to the melt. This means that Be
addition led to more uniform sizes of the f-phase
intermetallic particles.

The variations of the length and aspect ratio of
the o-phase and Si can be found in Fig. 4a, b,
respectively. This figure proves that no a-phase was
formed in the base alloy whereas the Be-modified
alloys exhibited the formation of this phase. More-
over, with an increase in the Be content, the length
and aspect ratio of the o-phase increased. The
aspect ratio of this phase was closer to 1 in the
alloy modified by 0.06 wt.% Be, implying that the
morphology of this phase is closer to the spherical/
equiaxed state. Nonetheless, an opposite trend can
be seen in Fig. 4b for Si. The highest aspect ratio (7)
and length (24 um) of Si can be seen in the base
alloy, while the lowest values were observed in the
sample modified by 0.06 wt.% Be (2 ym and 4.5 um,
respectively). With a further increase in the Be
content, these values increased only minorly. Sim-
ilar to the size of the f-phase intermetallic particles
in Fig. 3, the error bars of the Si particles in Fig. 4b
decreased with an increase in the Be content of the
melt, which implies the more uniform sizes of these
particles. However, the error bars of the size of the
a-phase particles in Fig. 4a show that the minimum
error bar was seen in the sample modified by 0.06
wt.% Be and the other samples exhibited larger
error bars. This means that 0.06 wt.% Be had the
most uniform size of the a-phase among all Be-
modified samples. In brief, with an increase in the
Be content, both the length and aspect ratio of the -
phase and Si decreased while the amount of the less
harmful o«-phase increased. However, since the
amount of the f-phase in the samples modified by
0.06 wt.% and 0.09 wt.% Be was almost the same
(close to zero) but the length and aspect ratio of Si in
the sample modified by 0.06 wt.% be was lower than
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Fig. 4. Variations of the length and aspect ratio of (a) «-phase and (b) Si with various amounts of Be.
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Fig. 5. Variations of volume fractions of « and f with various
amounts of Be.

that modified by 0.09 wt.% Be, it could be stated
that adding 0.06 wt.% Be led to optimal results
among the Be-modified samples in terms of the
microstructural features.

As the results in Fig. 5 show, the addition of Be
results in a profound change in the iron-bearing
compounds forming during solidification. In retro-
spect, this result might have been anticipated. Be is
added in similar amounts to A357 alloy to prevent
the formation of the undesirable iron-bearing inter-
metallic phase AlgFeMgsSis.

Therefore, from Figs. 2, 3, 4 and 5 and the
discussion presented, it was confirmed that the
addition of 0.06 wt.% Be led to optimal results to
modify the microstructure of the A319 alloy. Hence,
this sample was chosen for the hybrid modification
in the following.

Figure 6 displays the OM micrographs of the
samples modified by the T4-heat treatment and the

hybrid method. The sample modified by only the T4
heat treatment (Fiig. 6a) exhibited only the -AlsFeSi
intermetallic phase along with eutectic Si particles.
Therefore, the major modification of the T4 heat
treatment was distributing the phases more uni-
formly. In addition, some porosities can be found in
the microstructure next to the intermetallic phase
particles. The hybrid modification of the alloy by the
T4 heat treatment plus 0.06 wt.% Be addition
(Fig. 6b) led to the best microstructure among the
samples since one could see the formation of a-
Al;5(Mn, Fe)3Si and Si particles. Also, the distribu-
tion of the formed phases in this sample was more
uniform throughout the microstructure, and fewer
porosities than in the sample modified by the T4 heat
treatment could be observed. Then, the hybrid
method modified the microstructure more efficiently.

Figure 7 shows the SEM micrographs of the deep-
etched samples. Figure 7a shows the SEM micro-
graph of the base alloy. The presence of long f-
Al;FeSi platelets as well as acicular eutectic Si
particles is obvious in this sample. The branches of
p-AlsFeSi can be also detected. However, in the
SEM micrograph of the sample modified by 0.06
wt.% Be (i.e., the optimal Be content), the formation
of a-Ali5(Mn, Fe)sSi, disappearance of f-AlsFeSi,
and change of Si morphology to a fibrous one
occurred. The micrograph of the heat-treated alloy
in Fig. 7c shows the formation of -AlsFeSi but with
a lower length than that formed in the unmodified
base alloy. Thus, heat treatment could refine the -
phase. The formation of «-Al;5(Mn, Fe);Si and
disappearance of f-AlsFeSi along with the change
of eutectic Si to particles were the result of hybrid
modification of the A319 alloy according to Fig. 7d.

Figure 8 shows the volume fractions of « and f
phases in unmodified and modified samples. The
base alloy exhibited the most unfavorable conditions
with the highest f-phase volume (~6.2%) and no
detectable o-phase. In contrast, the sample with

O

Fig. 6. OM micrographs of (a) alloy modified by the T4 heat treatment, (b) alloy modified by the hybrid method.
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Fig. 7. SEM micrographs of various samples, (a) unmodified A319 base alloy, (b) alloy modified by adding 0.06 wt.% Be, (c) alloy modified by T4

heat treatment, (d) alloy modified by the hybrid method.
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Fig. 8. Variations of volume fractions of « and f in various samples.

0.06 wt.% Be addition displayed the highest a-phase
volume (~4.48%) and a minimal fS-phase volume
(0.09%), observed in the sample modified by the
hybrid method. The T4 heat treatment did not

induce ¢-phase formation and resulted in a rela-
tively high f-phase volume. The hybrid method and
T4 heat-treated samples showed the smallest error
bars, indicating more uniform particle formation
caused by these treatments.

Tensile Behavior

Figure 9 shows the tensile strength and elonga-
tion percentage of the base alloy, the alloy modified
with 0.06 wt.% Be, T4 heat-treated alloy, and alloy
modified by the hybrid method. The best results
were found in the sample modified by the hybrid
method, with a tensile strength of 290 MPa and an
elongation percentage of 5.4%. This improvement is
due to the addition of Be, which removes detrimen-
tal p-phase and forms a-phase, refines eutectic Si,
and benefits from T4 heat treatment for better
phase distribution. The second-best tensile strength
(223 MPa) was in the sample with 0.06 wt.% Be,
which also showed improved Si morphology and a-
phase formation. However, its elongation (2.5%)
was only slightly better than the base alloy (2%).
The T4 heat treatment resulted in the second-
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various samples.

highest elongation, likely due to better phase dis-
tribution and inhibition of brittle phases, enhancing
ductility and elongation as they reduce stress
concentration and crack formation.?*?°
Nonetheless, the T4 heat treatment led to the
formation of large porosities,'®?® which degraded
tensile properties compared to the hybrid method.
The base alloy had the lowest strength (163 MPa)
and elongation percentage (2%) because of the
presence of long f-phase platelets and eutectic Si
needles, which accumulated in various parts of the
microstructure. Comparing these results with the
effect of Li and T4 heat treatment on the A380
alloy'® showed that T4 heat treatment achieved the
highest strength and elongation percentage. How-
ever, the hybrid method (0.06 wt.% Li + T4 heat
treatment) showed the same strength as just adding
0.06 wt.% Li but only slightly improved elongation
over the base alloy. Therefore, T4 heat treatment
was most effective for modifying the A380 alloy but
did not yield the best results for the A319 alloy.

Fractography

Figure 10 displays the fracture surfaces of various
samples in this study. Figure 10a depicts the
unmodified base alloy. The presence of cleavage
planes, as well as large dimples, shows that the
fracture mode in this sample was a combination of
ductile and brittle fracture, while the brittle frac-
ture was predominant. Moreover, the crack nucle-
ation site can be seen in this sample. The formation
of fine dimples along with large dimples is obvious
in the fracture surface of the sample modified by the
0.06 wt.% Be addition (Fig. 10b). This shows that
the dominant fracture mode in this sample was
ductile although several cleavage planes can also be
observed. The fracture surface of the sample mod-
ified by the T4 heat treatment (Fig. 10c) depicts the

presence of cleavage planes as well as porosities,
showing the occurrence of brittle fracture. However,
a limited number of dimples could be seen, indicat-
ing the low contribution of ductile fracture in this
sample. Compared with Fig. 10b, the dimples were
larger, indicating a decrease in the contribution of
ductile fracture by performing the T4 heat treat-
ment. This can be ascribed to the presence of
significant porosities in this sample, which ampli-
fied the brittle fracture mode and counteracted the
uniform distribution of the phases and refinement of
the -phase, leading to increased contribution of the
brittle fracture mode. Figure 10d demonstrates the
fracture surface of the sample modified by the
hybrid method, indicating the presence of fine
dimples and the disappearance of porosities in this
sample. This shows the occurrence of ductile frac-
ture in this sample. If the size of the dimples is
compared, it can be stated that the dimples in the
hybrid-method-modified sample were finer than in
the other samples, indicating the occurrence of a
more ductile fracture in this sample. As stated by
other researchers,?” fine dimples originate from
inclusions while large ones are caused by the
combination of pores. Therefore, it could be con-
firmed that no pores were present in the microstruc-
ture of the sample modified by the hybrid method.
In addition, no crack indication and porosities could
be found.

CONCLUSION

The microstructure and tensile properties of A319
alloy were modified by three methods including the
addition of three different amounts of beryllium, T4
heat treatment, and a hybrid method of adding 0.06
wt.% Be plus T4 heat treatment. The major results
obtained are as follows:

1. All the modification methods exhibited their
particular effects. The addition of Be led to the
formation of the a-phase and disappearance of
the p-phase. T4 heat treatment resulted in a
more uniform distribution of the phases. The
hybrid method exhibited the best results, i.e., it
could modify the microstructure of the A319
base alloy by the formation of the a-phase and
inhibiting the formation of the harmful S-phase.
Also, it could distribute the phases uniformly.

2. The best values of the tensile strength (290

MPa) and elongation percentage (5.4%) were
found in the sample modified by the hybrid
method because of the removal of harmful p-
phase and formation of the a-phase, the refine-
ment and change of the morphology of eutectic
Si, and the uniform distribution caused by the
T4 heat treatment.

3. The AS319 base alloy exhibited the lowest

strength (163 MPa) and elongation percentage
(2%) owing to the presence of f-phase platelets
with high lengths and aspect ratios and Si
needles.



Fig. 10. Fracture surfaces of the samples: (a) unmodified base A319 alloy, (
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heat treatment, (d) alloy modified by the hybrid method (T4 + Be addition).

b) alloy modified by adding 0.06 wt.% Be, (c) alloy modified by T4

4.

The fracture surface of the sample modified by
the hybrid method showed the presence of fine
dimples and the disappearance of porosities in
this sample, which provided the evidence for the
occurrence of a completely ductile fracture.
However, the other samples showed indications
of brittle fracture to some extent.
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