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Abstract

Aluminum alloys are the most essential part of all shaped castings manufactured, mainly in the
automotive, food industry, and structural applications. There is little consensus as to the precise
relationship between grain size after grain refinement and corrosion resistance; conflicting conclu-
sions have been published showing that reduced grain size can decrease or increase corrosion
resistance. The effect of AI-5Ti—IB grain refiner (GR alloy) with different percentages on the
mechanical properties and corrosion behavior of Aluminum-magnesium-silicon alloy (Al-Mg-Si)
was studied. The average grain size is determined according to the EI12ASTM standard. The
compressive test specimens were made as per ASTM: E8/E8M- 16 standard to get their compres-
sive properties. The bulk hardness using Vickers hardness testing machine at a load of 50g.
Electrochemical corrosion tests were carried out in 3.5 % NaCl solution using Autolab
Potentiostat/Galvanostat (PGSTAT 30).The grain size of the Al-Mg-Si alloy was reduced from 82
to 46 um by the addition of GR alloy. The morphology of a-Al dendrites changes from coarse
dendritic structure to fine equiaxed grains due to the addition of GR alloy and segregation of Ti,
which controls the growth of primary a-Al. In addition, the mechanical properties of the Al-Mg—
Si alloy were improved by GR alloy addition. GR alloy addition to Al-Mg-Si alloy produced fine-
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grained structure and better hardness and compressive strength. The addition of GR alloy did
not reveal any marked improvements in the corrosion properties of Al-Mg-Si alloy.

Keywords
Al-Mg-Si alloy, food industry, A-Ti—B grain refiner, hardness, corrosion behavior, compression
test

Introduction

Aluminum alloys cookware, cooking utensil, containers, and aluminum drink jars
contribute significantly to the utilization mass of aluminum. The finest combina-
tion of corrosion resistance and strength for user application in wrought aluminum
products is found amongst the 5xxx and 6xxx series alloys.! Furthermore, several
casting alloys have good corrosion resistance, and they are commonly used as cook-
ing utensils and components of food processing equipment.? Al alloys with mechan-
ical properties, good weldability, and good corrosion resistance characteristics.”
Traditional aluminum alloys face the difficulties of coarse grains after casting and
solidification. Coarse grains, seriously affect the mechanical properties of alumi-
num alloy. They frequently cause defects, such as composition segregation, cracks,
and shrinkage cavities. Consequently, the grain refinement addition of Al alloys to
improve the mechanical properties and the microstructure of Al alloys has become
a research focus’

Kodetova, et al.® concluded that the addition of Sc, Zr in the hot-rolled alloys
stabilizes and refines grains. The grain size was around 1000pm in the
AlZnMgCuFe and change to 20 pm in the AIZnMgCuFeScZr hot-rolled alloys.
Zhang et al.” obvious that the addition of a small amount of titanium (less than
0.10 wt.%) to the alloy Al-Mg-Zn-Si lead to the formation of the Al;Ti phase,
and enhanced the mechanical properties of this alloy. Abd El-Aziz et al.'® studied
the effect of the addition a different ratio (0-3 wt.%) of Al-5Ti master alloy on the
microstructure and mechanical properties of AISiMgMn alloy. They established
that 2wt.% addition of Al-5Ti increased the ultimate tensile strength of the alloy
from 165 to 208 MPa and the yield strength from 125 to 160 MPa respectively. On
the other hand, 3 wt.% addition of Al-5Ti master alloy did not reveal any notice-
able improvements in these properties. Ding et al.'! studied the effect of different
types of Al-5Ti master alloys that have different microstructures in grain refine-
ment of commercial aluminum. They decided that the microstructures details of
Al-5Ti master alloys with various sizes, morphologies, and amounts of TiAl; inter-
metallic, were detected to affect the arrangement of the grain refinement character-
istics with the right holding time. Pio et al.'* examined the effect of the addition of
Al-5Ti—B master alloy on the mechanical properties of LM6 Al-Si alloy. The typi-
cal LM6 Al alloy contains 10-13wt.% of Si and thus integrally solidifies with
coarse grain sizes. The results exposed that the improvement of mechanical proper-
ties of the alloy by grain refiner by 0.5wt.% Al-5Ti—B master alloy addition. On
the other hand, a further increase in grain refiner quantity did not afford any addi-
tional noteworthy improvement.
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Most of the previous studies on the effect of grain refinement of Al alloys have
mainly focused on mechanical properties. On the other hand, there are some studies
investigate the relationship between grain size after grain refinement and corrosion
resistance. Conflicting conclusions have been published showing that reduced grain
size can decrease or increase corrosion resistance.'? Ralston and Birbilis'* revised
the effect of grain size on corrosion performance. They suggested that an increase
or decrease in corrosion resistance of the alloy with grain refinement depends on
the ability of the environment to passivate the alloy. In an active environment,
reduced grain size leads to a decrease in corrosion resistance. However, in the envir-
onment’s hopeful passivity, reduced grain size may lead to an increase in corrosion
resistance. In this study, the effect of the different percentages of Al-5Ti—1B grain
refiner (GR alloy) on the microstructure and mechanical properties as well as cor-
rosion properties of AI-Mg-Si alloy was investigated.

Experimental work

The materials in this study are Al-Mg-Si alloy and Al-5Ti-1B grain refiner (GR
alloy) with different percentages. The base Aluminum-magnesium-silicon alloy
used in the present study contains 1.2% Si, 0.93% Mg, 0.7% Mn, and 0.4% Fe.
The specimens were fabricated by the die casting method. Al-Mg-Si alloy was
melted in a crucible furnace at 750°C. Al-5Ti—1B grain refiner with different weight
percentages of 0, 1, 1.5, and 2wt.% was added to the melt. The melt was poured
into metallic steel molds. After the casting process the specimens are prepared for
microstructural examination, mechanical, and corrosion tests. The test specimens
are ground and polished using SiC abrasive emery papers, ranged from 180 to 1200
grit size. For microstructural examination, the polished specimens were etched by a
reagent contains 75 ml HCI, 25ml HNO;, 5Sml HF, and 25ml H,O to reveal their
microstructure constituents. The microstructures were examined using an optical
microscope, a scanning electron microscope (SEM) equipped with an energy dis-
persive X-ray spectrometer (EDS). The average grain size is determined according
to the E112ASTM standard. The as-cast compressive test specimens were made as
per ASTM: E8/ES8M-16 standard to get their compressive properties. The compres-
sion tests are conducted on round test specimens at a diameter of 15mm and a
height of 15mm using a universal testing machine. The bulk hardness was mea-
sured on the specimens after grinding and polishing using a Vickers hardness test-
ing machine at a load of 50 g. Each value of the bulk hardness was an average of
five readings.

Electrochemical corrosion tests were carried out in 3.5wt.% NaCl solution using
Autolab Potentiostat/Galvanostat (PGSTAT 30). In the electrochemical testing, a
cell with three-electrode was used. The working electrode was the test specimen; the
auxiliary electrode was a platinum rod and the reference electrode was a saturated
calomel electrode. Prior to testing samples were immersed in the testing solution
until attaining a steady-state corrosion potential (E.,.). Potentiodynamic polariza-
tion curves were measured in the range —0.4 to 1 V with respect to E., at a scan
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rate of 2mVs~! and 20°C. The area of the working electrode exposed to the solu-
tion was 0.785cm”. Electrochemical impedance spectroscopy (EIS) measurements
were executed using scan frequency ranged from 60 kHz to 1 Hz, and the perturba-
tion amplitude was 10 mV. After the corrosion test, the microstructures of the cor-
roded surface were examined using an optical microscope.

Results and discussion

Microstructure

Figure 1 shows SEM images and EDS analysis for the AI-Mg-Si alloy and GR
alloy used in the present study. As shown in Figure 1(a), the as-cast microstructure
of the AI-Mg-Si alloy consists of a-Al dendrites and inter-dendritic regions of the
eutectic phase formed between a-Al dendrites. Figure 1(b) presents EDS spectrum
of the elements at different zones in the microstructure of Al-Mg-Si alloy. From
this figure, it can be seen that the presence of small peaks of the Mg and Si ele-
ments as well as the presence of a big peak of the parent element of Al. Figures
1(c) and (d) indicate SEM/EDS spectrum analysis for GR alloy. The SEM photo-
graph of the Al-5Ti—1B grain refiner alloy is shown in Figure 1(c). It can be seen
that the second phase particles of TiAl; and TiB, are dispersed in the aluminum
matrix homogeneously. As also illustrated in this figure, the particles are discon-
nected from each other with various sizes. EDS spectrum results in Figure 1(d),
reveals the existence of smaller amounts of Ti and B elements in the microstructure
of Al-5Ti-1B grain refiner. Figure 2 displays an XRD plot of GR alloy that con-
firms the phases present in the microstructure. As indicated in the XRD pattern
shown in Figure 2, it is obvious that the grain refiner alloy primarily contains three
kinds of phases: a-Al, TiAls;, and TiB,. The as-cast microstructure of the base Al-
Mg-Si alloy with 0, 1, 1.5, and 2wt.% of GR alloy is shown in the optical micro-
graphs in Figure 3. As shown in Figure 3(a), the as-cast microstructure of AI-Mg—
Si alloy reveals coarse dendrites of a-Al phase. The adding of GR alloy to Al-Mg-
Si alloy caused alterations in the morphology of the a-Al phase from coarse den-
drites to relatively small dendrites and fine equiaxed microstructure as shown in
Figure 3(b) to (d). It is also clear that the grain size decreases with the increase of
the quantity of the GR alloy, and smaller sizes of grains were observed for the Al-
Mg-Si alloy with 2wt.% of GR alloy. This confirms the uniform distribution of
insoluble substrates in the Al-matrix, which acts as nucleation sites for the primary
«a-Al phase.

Compression test

The compressive strength can be estimated more correctly than tensile strength in
the cast condition. Because of the porosity present in the cast alloy, it would pro-
duce an inaccurate result in tensile strength. While the porosity of the alloy would
not influence the compressive strength due to compressive force applied on the
tested materials. Figure 4 shows the compressive strength and grain size variations



Abd El-Aziz et al. 5

TiB;

@particles e

Inter-dendritic

regions

a- Al phase TiAL;

particles

X1,400 10pm 0089 TAIF EMU

20kV X500 50um 0089 TAIF EMU

(a) (c)
001
440 —
540 ZAF Method Standard less OQuantitative 00 ZAF Method Standard less Quantitative
Analysis Analysis
507 Al Fitting Coefficient: 0.2422 360 Al Fitting Coefficient: 0.2425
e Element (keV) Masst Errort Atom$ 320 Element (Kev) Mass% Error% Atoms
Mg K 1.253  1.20  0.42 1.33 B K
pams Al K 1.486 98.22 0.47 98.38 280 Mg K 1.253 0.67 0.39 0.77
& Si K 1.739  0.00 1.45 0.00 | % 240 Al K 1.486 92.54  0.41 95.30
S s Mn K 5.894 0.58  2.15 029 | T | Ti K 4.508 6.79 1.08  3.94
Total 100.00 100.00 Total 100.00
2404 180 - 100.00
180 4 120+
80
50
Mgg Si #4T1B T T
o “ i 1 | i | i i o shehey Tt v |
980 100 200 300 400 300 SO0 TOHD BA0 800 1000 0o 100 200 soe aoo o sor oo teo  s00  loge
2V ka¥
(b) (d)

Figure 1. (a), (b) SEM/EDS spectrum for the Al-Mg-Si alloy used in the present study and (c),
(d) SEM/EDS spectrum for the Al-5Ti—1B grain refiner.
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Figure 2. XRD traces for Al-5Ti—IB grain refiner in the present study.
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(d)

Figure 3. Optical micrographs of the microstructure of Al-Mg-Si alloy with different
percentages of Al-5Ti—IB grain refiner at higher magnifications X400: (a) 0%, (b) 1%, (c) 1.5%,
and (d) 2%.

for the Al-Mg-Si alloy with different percentages of GR alloy. From this figure, it
is evident that the compressive strength of the Al-Si-Mg alloy was enhanced with
the addition of the GR alloy. The compressive strength increased from 171 MPa to
227 MPa with the increase of the GR alloy from 0% up to 2%. This was attributed
to the creation of relatively small size grains and enhancement in the structure
morphology from coarse-dendritic structure to relatively fine-equiaxed grains as
shown in Figure 4. This was observed and evidenced in SEM micrographs shown
in Figure 5(a)—(c). The grain size of the matrix was reduced from 82 to 46 um by
the addition of GR alloy. The grain boundary can be used as a barrier for disloca-
tion slip and dislocation source movement.'> As the grain size reduces, the grain
boundary increases, then more noticeable the grain boundary deformation is,
which is helpful to prevent the growth and propagation of cracks.'® So, fine grain
strengthening can lead to the enhancement of elongation and higher compressive
strength.
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Figure 5. SEM shows the microstructure of the Al-Mg-Si alloy with: (a) 0% AI-5Ti—IB, (b) 1%
Al-5Ti-1B, and (c) 2% Al-5Ti—IB.

Hardness test

The bulk hardness values of the AI-Si-Mg alloy with the additions of different per-
centages of GR alloy are shown in Figure 6. From this figure, it is clear that the
hardness was increased of Al-Si—-Mg alloy with the additions of GR alloy, this is
mainly due to the change in morphology of primary a-Al grain from coarse dendri-
tic structure to fine equiaxed structure.'” Cibula'® detected that the use of the GR
alloy presents both Ti and B into the melt in the formula of AlB,, TiB,, and Al;Ti.
They suggested that TiB2 particles act as insoluble substrates for primary o-Al
nucleation. These phases provide more nucleation sites for heterogeneous
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Figure 6. Hardness for the AI-Mg-Si alloy with different wt.% of AI-5Ti—IB grain refiner.

nucleation.'® It can also be attributed to the presence of solutal titanium at the tip
of the primary «-Al dendrites, which controls the growth of primary «a-Al, hence
providing more nucleation sites.°

The improvement in mechanical results due to grain refinement additions is in
agreement with the previous studies. Ebrahimi et al.?! studied the effect of Al—
5Ti—1B refiner in addition to Al-Zn—Mg—Cu alloy, and they perceived improved
mechanical properties. Pattnaik et al.'” investigated the effect of Al-5Ti-1B grain
refiner on the mechanical properties of 5052 Al alloy showed that the addition of
Al-5Ti-1B grain refiner to the 5052 Al alloy caused a significant improvement in
the mechanical properties. They suggested that the main mechanisms that led to
this improvement were found to be due to the grain refinement during solidifica-
tion and segregation of Ti at primary a-Al grain boundaries. Farahani et al.*? used
Al-5Ti-1B and Al-15Zr master alloys as grain refining agents. They observed
improved mechanical properties of the Zn rich Al alloy. In addition, they detected
that AI-5Ti—1B is more effective than Al-15Zr in reducing the grain size.

Electrochemical test

Figure 7 shows the potentiodynamic polarization curve of the Al-Mg—Si alloy with
different wt.% of GR alloy specimens after corrosion test in 3.5wt% NaCl solu-
tion. In addition, the corrosion characteristics are given in Table 1. As shown in
Figure 7, all the polarization curves reveal a relatively smooth current platform in
the cathodic region, which shows the reaction of oxygen reduction. It can be noted
that current density increases to a certain extent, though whereas the potential
increases continuously, the change in current density is less, proving the existence
of an oxide layer. The corrosion current density (I..,;) and corrosion potential
(Ecorr) can be gotten by using Tafel segments of the polarization curves in Figure 7,
and the results are displayed in Figure 8. Assenting to Faraday’s law, it can be used
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Table I. The corrosion characteristics of the Al-Mg-Si alloy with different wt.% of AI-5Ti—IB
grain refiner.

Sample Ba B R, (Qcm?) Ecore (V) leorr (Alcm?) CR (mpy)

0% GR 0.109 0.334 6.488 < 10° —0.869 2,124 % 107° 2321072
1% GR 0.022 1.012 3.795 X 10° —0.656 3.287 X 10°° 3.58 X 1072
1.5% GR 0.02 0.792 2.591 x 10° —0.669 343x107°¢ 3.74x 1072
2% GR 0.03 0.603 2513 % 103 —0.689 3.48 % 1076 3.79 X 1072

I+ as a dynamic factor to describe the corrosion rate of specimens. As shown in
Figure 8(a) the AI-Mg-Si alloy has the lowest I, recorded 2.124 wA/cm? com-
pared to the AI-Mg-Si alloy with different wt.% of GR alloy specimens. The Al-
Mg-Si alloy with 2wt.% of GR alloy specimen recorded the highest 7., (3.48 A/
cm?). The values of E,,, for the Al-Mg-Si alloy specimen are more negative than
those of the AI-Mg-Si alloy with different wt.% of GR alloy specimens as shown
in Figure 8(b). The current results are in agreement with the literature'>'**2* that
the corrosion rate increases as grain size decreases for Al alloys. The grain refine-
ment revealed a number of grain boundaries which is act as more anodic this accel-
erates the dissolution of the working electrode which causes severe corrosion. The
opposing view, that corrosion rate decreases as grain size decreases for aluminum,
has also been presented with some studies.>> >® The differences are possibly due to
that corrosion response to grain-refinement induced surface reactivity depends on
the exact combination of exposed environment, material, and grain refinement
procedure.?

Though corrosion parameters can be determined from potentiodynamic polari-
zation curves, the accurateness of the valued results might be compromised due to
possible interference from proceeding cathodic reactions on the specimen surface.
So, electrochemical impedance spectroscopy (EIS) is often used for the characteri-
zation of electrochemical interface between electrodes and electrolytes because of
its advantages of sensitivity and non-destructivity.?’ The polarization resistance R,
for the corrosion reaction was determined and recorded in Table 1 by means of
EIS measurements at the corrosion potential to assure anodic and cathodic reac-
tions. Figure 9 shows the Bode plot containing the impedance and phase data for
the Al-Mg-Si alloy with different wt.% of GR alloy. According to Figure 9 and
the results recorded in Table 1, there is a tendency of decreased R,, after GR alloy
addition. It is noticed that the R, significantly decreases from about 6.5kQ cm? for
the Al-Mg-Si alloy specimen to about 2.5kQcm? for the Al-Mg-Si alloy with
2wt.% of GR alloy specimen. The natural oxide layer on aluminum and its alloys
generally impede the inherently active behavior of this metal. However, solutions
that have aggressive anions, such as Cl-, cause pit initiation, resulting in a quick
increase of the current density at a certain potential.*

Figure 10 shows the micrographs of the Al-Mg-Si alloy with different wt.% of
GR alloy specimens after immersion in 3.5 wt% NaCl solution. As indicated in this
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Figure 7. Potentiodynamic polarization curves of the Al-Mg-Si alloy with different wt.% of Al—
5Ti—1B grain refiner specimens during immersion in 3.5 wt% NaCl solution.
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Figure 8. Effect of wt.% of AI-5Ti—IB grain refiner on (a) corrosion current density (lcorr), (b)
corrosion potential (Ecorr)-

figure, the corroded surface showed a localized attack. The numerous cavities pre-
sented an irregular shape, suggesting that the corrosion process initiated and pro-
ceeded in the Al-matrix around the intermetallic particles. Furthermore, Figure
10(b) to (d) clearly shows a corrosive attack increased by GR alloy addition. The
increase in pitting corrosion clearly visible by comparing Figure 10(a), and Figure
10(b) to (d), could explain the reduction of R, and the corresponding increase in
I, as a function of wt.% of GR alloy addition. Some studies on Al-Si alloys have
stated that finer dendritic structures higher corrosion rate than coarser dendritic
structures, and that this is associated with the microstructure of the interdendritic
eutectic mixture.’'*> Osorio et al.*® have recently stated that a noteworthy
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Figure 9. Bode plot (a, b) for the Al-Mg-Si alloy with different wt.% of AI-5Ti—IB grain refiner

specimens during immersion in 3.5 wt.% NaCl solution.

Figure 10. Microstructure of the Al-Mg-Si alloy with different wt.% of AI-5Ti—IB grain refiner

(GR) specimens after corrosion test in 3.5 wt% NaCl solution: (a) 0 wt% GR, (b) 1% GR, (c)

1.5% GR, and (d) 2% GR.
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microstructural refinement reduced the corrosion resistance in sulfuric acid and
sodium chloride solutions. The boundaries are improperly adapted due to a certain
deformation in the atomic level, essentially on the Al-rich phase side of the inter-
face since Si grows from the melt in a faceted manner) while the «-Al phase solidi-
fies with surfaces that are rough. Such localized deformation induces an increase in
the corrosive action for very fine microstructures.**** The secondary phases (inter-
metallic phases) distribute around the tips of aluminum dendrites and leads to dif-
ferences in chemical composition at the grain boundaries. This may lead to
corrosion of the areas around these grain boundaries as pitting corrosions. The
presence of intermetallic phases with alloy elements of boron, titanium, magne-
sium, and silicon, also leads to the corrosion potential difference between interme-
tallic phases and aluminum phases, which results in galvanic corrosion and further
intergranular corrosion.****

Conclusion

The Al-Mg-Si alloy is important in many applications, such as automotive, food
industry and structural applications. In the present study, the effect of AI-5Ti—1B
grain refiner alloy (GR alloy) on microstructure, mechanical properties and corro-
sion behavior of the AI-Mg-Si alloy was considered. Based on the experimental
results, it can be concluded that the grain size of the AI-Mg—Si alloy was reduced
from 82 to 46 wm by the addition of GR alloy. The morphology of a-Al dendrites
changes from coarse dendritic structure to fine equiaxed grains due to the addition
of GR alloy and segregation of Ti, which controls the growth of primary «-Al. In
addition, the second phase particles of TiAl; and TiB, are dispersed in the alumi-
num matrix homogeneously. The mechanical properties of the Al-Mg-Si alloy
were improved by GR alloy addition. With increasing of GR alloy from 0% to 2%
wt.% GR, the compressive strength increased from 171 MPa to 227 MPa. As well
as the hardness increased from 66 to 88 Hv. Otherwise, the addition of GR alloy
did not reveal any marked improvements in the corrosion properties of AI-Mg—Si
alloy. This because the grain refinement revealed a number of grain boundaries,
which is act as more anodic. This may accelerate the dissolution of the working
electrode and causes severe corrosion. The Al-Mg-Si alloy has the lowest I..,
recorded 2.124 pA/cm?. While the Al-Mg-Si alloy with 2wt.% of GR alloy speci-
men recorded the highest Io,. (3.48 wA/cm?).
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