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ARTICLE INFO ABSTRACT

This work’s main objective was the manufacture of an aluminum alloy AA3303 by powder
metallurgy technique and its characterization. The powders were processed by high energy ball
milling (HEBM) for 30, 60 and 120 minutes and then characterized by scanning electron
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The association of elements of alloys, such as: magnesium, silicon,
INTRODUCTION copper, manganese, iron and zinc, provides modifications in the
characteristics of aluminum, thus enabling its application in several
segments, such as: goods and consumption, automotive and transport,
civil construction, packaging, machinery and equipment. Among
e : A - M these sectors the automotive and transport industry is the largest
the vast majority of commercial and industrial applications, alloys consumer of aluminum in the world (ABAL, 2019; CALLISTER;
classified as non-ferrous have achieved considerable growth in their RETHWISCH, 2016). Placed in a highly competitive context, the
production and application in past decades. Among these non-ferrous 54 mobile industry was one of the main responsible for the growth in
alloys, aluminum alloys stand out and have been increasingly used in the use of sintered components, manufactured through Powder

the aeror}autical industry and components for the manufacture of Metallurgy - PM. Powder metallurgy is a technique for manufacturing
automobiles (BARBOSA, 2014). Aluminum is one of the most used components using powders, it is a process that can produce a large

materials in the‘ wgrld, preset}ting considgrable application in several volume of aluminum components, with complex shapes and without
sectors, and this is due to its characterlstlc;. The me}nufacture of the need for subsequent finishing operations. From an economic point
finished products, suqh as: sheets, plates, alummum castmgs, cast ar}d of view, powder metallurgy has become irreplaceable due to its high
forged profiles, provides more and more effective solutions for its productivity, a factor that is fundamental for the definition of the
application in the industrial sector. choice of the manufacturing method in modern industry

Although most of the metallic components manufactured are
produced using ferrous alloys such as steel and cast iron, which cover
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(CHIAVERINI, 2001; DANNINGER; CALDERON; GIERL-
MAYER, 2017). In this context, the aforementioned work discusses
the manufacture of the aluminum alloy of the AA3XXX series
(AA3303), manufactured via powder metallurgy, by high energy ball
milling (HEBM) and consolidated by pre-compaction and hot
extrusion.

MATERIALS AND METHODS

Initially, the composition of the alloy to be manufactured according to
the ASM Handbook (1992) was selected, with the percentages
referring to each element of the alloys, the elemental powders were
separated and then weighed on an analytical precision scale.
Subsequently, these powders were subjected to High Energy ball
milling (HEBM) through a SPEX type vibrating ball mill, for 30, 60
and 120 minutes. Then, both the particulate material of the AA3303
alloy processed by HEBM, and the pure aluminum alloy AA1100,
and the Mn powder without HEBM processing were subjected to a
size and particle analysis by laser diffraction.

The microstructural and chemical characterization of the particulate
material was performed using the techniques of Scanning Electron
Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS), the
study and identification of the phases generated after the HEBM was
carried out through X-Ray Diffraction (XRD). The powders
processed by HEBM, were consolidated through the pre-compaction
process followed by hot extrusion. From the billet obtained by hot
extrusion of the particulate material of the alloy under study, 3
specimens were manufactured and then the specimens were subjected
to the metallographic preparation process (cutting, inlaying, grinding,
polishing and chemical attack). The microstructural and chemical
characterization of the hot-extruded consolidated material was
performed using the techniques of scanning electron microscopy
(SEM) associated with energy dispersive spectroscopy (EDS).

Finishing the characterization process of the consolidated
material, the sintered and extruded specimens were subjected to a
Vickers microhardness test, thus determining the hardness
property of the studied material. Table 1, expressed as percentage
compositions by weight for the aluminum alloys of the present
study, according to ASM Handbook (1992).

Table 2 presents as mass prescriptions in (g), of each of the
chemical elements that make up the aluminum alloys of the
related study, which will be subjected to high energy ball milling.
The mass percentages are in accordance with the ASM Handbook
(1992). The mass submitted to HEBM was 20,000 (g), plus 1% of
the PCA as indicated by De Araujo Filho ef al. (2017), totaling
20,200 (g).

Table 1. Composition of AA3303 alloy

Aluminum Association wt%
Si Fe Cu Mn Zn Al
AA3303 0.60 | 0.70 | 0.20 | 1.50 | 0.30 | 96.70

Source: Adapted from ASM Handbook, 1992

Table 2. Composition of the powder mass and

PCA by grinding time
Aluminum | HEBM Composition,
alloy time (2)
(min) Si Fe Cu Mn Zn AI(1100) [ PCA
AA3303 30 0.120 | 0.140 | 0.040 [ 0.300 [ 0.060 19.340 [ 0.200
60 0.120 | 0.140 | 0.040 [ 0.300 | 0.060 19.340 [ 0.200
120 0.120 | 0.140 [ 0.040 [ 0.300 [ 0.060 19.340 [ 0.200

The Figure 1 schematically illustrates the process flow applied in this
work, briefly presenting the work sequence.
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Source: Adapted from Lins, 2015.

High energy ball milling (HEBM): HEBM was performed in a Spex
type vibrating mil, with 30, 60 and 120 minutes of duration. Ball-to-
powder ratio (BPR) was used for a 10:1 ratio as indicated by Bezerra
et al. (2014). It was performed a wet milling, using isopropyl alcohol
as PCA. After milling the powders were dried in an oven at a
temperature of 100°C.

X-ray diffraction (XRD): XRD tests were performed on SHIMADZU
MAXIMA XRD-7000 equipment. The following parameters were
used according to Nascimento ef al. (2021)

Diffraction angle: 0-20;

Scan range: 25° - 120°;

Scan mode: continuous scanning;
Scan speed: 1°/min;

Step: 0.01°/seg.

Granulometry: 1t was used the laser diffraction technique in liquid
medium, using water as dispersant. The equipment used was the
MALVERN INSTRUMENTES U.K. MASTERSIZER 2000.

Compaction and extrusion: The powders were uniaxial cold pre-
compacted in a hydraulic press. A compaction pressure of 10 ton/cm?
was used during 10 minutes. The extrusion was conducted at a
temperature of 500 °C, a progressive extrusion pressure and a feed
rate of 2 mm/s were applied (De Araujo Filho et al. 2017; Nascimento
et al. 2021). Figure 2 shows aluminum alloy before and after
extrusion.
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@ 4 Before extrusion

Figure 2. Aluminum Alloy before and after extrusion

Samples preparation: Three samples of the extruded material were
taken, and then the samples were sectioned into two sections:
transverse (perpendicular to the direction of extrusion) and
longitudinal (parallel to the direction of extrusion), according to the
sample cutting plan illustrated in the Figure 3. The extruded samples
were cut with a precision cutter STRUERS ACCUTOM-100.

Longitudinal
Section

Cross
Section

Figure 3. Sample cutting plan

Scanning electron microscopy (SEM): SEM and energy dispersive
spectroscopy (EDS) were performed on the TESCAN MIRA3
microscope.

Microhardness Vickers: A load of 0.2 kgf was applied for 15 seconds
according to Nascimento et al. (2021). The tests were performed on
an EMCOTEST DURASCAN 700 durometer.

RESULTS AND DISCUSSION

Characterization of particulate material

X-ray diffraction (XRD): Figure 4, illustrates the X-ray diffraction
pattern, obtained through the AA1100 aluminum powder as received,
it presented only the characteristic aluminum peaks that were
identified by the reference ICDD 03-065-2869 microfiches. When
analyzing it, it shows the presence of only one crystalline phase
belonging to aluminum, which is the centered face cubic phase
(FCC). According to Callister and Rethwisch (2016), for this type of
structure (FCC), the Miller indices (h, k, ) must be all even numbers
or all odd numbers, as evidenced in the diffractogram illustrated in
Figure 4. Figure 5 illustrates the X-ray diffraction pattern obtained
through manganese, which showed only the characteristic peaks of
manganese that were identified by the reference ICDD 01-071-0399
microfiches. The diffractogram shown in Figure 5 shows the presence
of only one crystalline phase belonging to manganese, which is the
centered body cubic phase (BCC). According to Callister and
Rethwisch (2016), for this type of structure (BCC), the sum of the
Miller indices (h + k + 1) must be an even number, as evidenced in the
diffractogram illustrated in Figure 5. Figure 6 shows the
diffractograms of AA3303 alloy powders, submitted to MAE for
periods of 30, 60 and 120 minutes respectively. The milling times of
30 and 60 minutes, did not show the characteristic phase of the
AA3XXX series alloys, which is the Alg(Mn, Fe). The powders
processed by HEBM during a time of 30 minutes, presented only the

phases Al and Mn, which were identified by the reference microfiche
ICDD 03-065-2869 and 01-089-2105, respectively.
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Figure 4 - X-ray diffraction pattern of AA1100 aluminum
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Figure 5. X-ray diffraction pattern of manganese

The powders processed by HEBM during a time of 60 minutes,
presented only the phases Al and Mn, which were identified by the
reference microfiche ICDD 03-065-2869 and 01-089-2105,
respectively. The diffractogram of the powders processed by HEBM
during 120 minutes, showed only the Al phase and the AlgMn phase,
characteristic of the Al-Mn alloys, these phases were identified by the
reference microfiche ICDD 03-065-2869 and 00-006-0665,
respectively. The presence of the AlgMn phase only for the grinding
time of 120 minutes, proves that the grinds of 30 and 60 minutes were
not sufficient for the manufacture of the AA3303 alloy, by HEBM.
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Figure 6. Diffractogram of AA3303 alloy powder,
HEBM for 30, 60 and 120 minutes
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Granulometry: Elementary powders, aluminum and manganese, were
characterized both in terms of the type of particle size distribution and
the average particle size through laser diffraction. The laser
diffraction spectrum illustrated in Figure 7, refers to the
granulometric analysis of the AA1100 aluminum powder as received,
it shows a unimodal distribution, showing only a peak in the graphical
representation, that is, the volumetric percentage is in just a range of
values. For the aluminum powder AA1100 as received, the results of
the granulometric analysis showed, with regard to the average
diameter of the particles, that 10% d (0.1) of them are below 11.907
um, 50% d (0.5) of them are below 28,992 pm and that 90% d (0.9)
of them are below 64.026 um. The laser diffraction spectrum
illustrated in Figure 8, refers to the granulometric analysis of the
manganese powder as received, it shows a unimodal distribution,
showing only a peak in the graphical representation, that is, the
volumetric percentage is found in only a range of values. For the
manganese powder as received, the results of the granulometric
analysis showed that with respect to the average diameter of the d
medium particles, 10% d (0.1) of them are below 9.833 pum, 50% d
(0.5) of them are below 24,034 um and that 90% d (0.9) of them are
below 52.232 pm.
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Figure 7. Laser diffraction spectrum of
aluminum powder AA1100
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Figure 8. Laser diffraction spectrum of manganese powder

The AA3303 aluminum alloy powders processed by HEBM for 30,
60 and 120 minutes, were subjected to laser diffraction, and were
characterized according to their particle size and particle size
distribution. Figures 9, 10 and 11 illustrate the respective size
distributions according to the grinding time.
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Figure 9. Laser powder diffraction spectrum of AA3303 alloy - 30
min. by HEBM
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Figure 10. Laser powder diffraction spectrum of AA3303 alloy -
60 min. by HEBM
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Figure 11. Laser powder diffraction spectrum of AA3303 alloy -
120 min. from by HEBM

Regarding the particle size distribution of the AA3303 aluminum
alloy powders analyzed, it is possible to observe through Figures 9,
10 and 11 that the particulate material shows a unimodal distribution
regardless of the HEBM time. For the aluminum alloy AA3303, the
powder submitted to grinding during a period of 30 min, presented a
median diameter d (0.5) of 62.592 pum, when compared with the
average diameter of the starting powder of the aluminum alloy
AA1100, this suggests that in this grinding time the phenomenon of
cold welding was predominant, with the increase in the grinding time
to 60 min, the material presented particles with a median diameter d
(0.5) of 42.328 um, this reduction in particle size shows that the
phenomenon of fatigue fracture begins to overlap with that of cold
welding. Finally, the material submitted to HEBM for a period of 120
minutes, presented a unimodal distribution and a median diameter of
d (0.5) of 29.910 pm. When analyzing the evolution of the particle
size, it is evident that with the increase of the grinding time the
particle size reduced, thus obtaining with the HEBM during a period
of 120min, a value very close to the average diameter of the starting
powder of the alloy of AA1100 aluminum which is d (0.5) = 28.992
pm.

Scanning electron microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS): Figures 12 (a) and (b) are SEM micrographs
referring to the aluminum powder of the AA1100 alloy as received,
obtained by Silva (2017). When analyzing these images it is possible
to identify a certain homogeneity of the particles, these micrographs
also make it possible to verify that the powder has considerably small
particles and a predominantly spherical morphology with grains with
approximately axis-equal dimensions, thus evidencing that the
material was obtained through the process of gas atomization as
informed by the manufacturer.

2016-03-31

A D87 x500 200um
DEMEC\CTG

Source: Silva, 2017

Figure 12. (a) SEM Al powder - AA1100 - 1000x; (b) SEM Al
powder - AA1100 - 2000x

DEMEC\CTG
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Figures 13 (a) and (b) are SEM micrographs referring to the
manganese powder as received. Unlike what was observed in the
AA1100 aluminum powder micrographs, the manganese powder
micrographs show a non-homogeneous and quite irregular
morphology, formed by flat grains with non-equiaxial dimensions,
and with a particle size close to what was observed in the
micrographs of aluminum.

Figure 13. (a) SEM powder of Mn 1000x; (b) SEM powder of Mn
2000x

The SEM micrographs of aluminum and manganese powders make
the normal and coherent aspects evident with regard to the
morphology and granulometry of these materials. Figures 14 (a) and
(b) were obtained by Silva (2017) and are respectively the analyzed
region and the EDS spectrum, referring to the aluminum powder
AAT1100 as received. Although the equipment used provides only a
semi-quantitative or qualitative analysis, the EDS spectrum obtained
stands out for presenting only the aluminum peak, indicating that
there was no contamination in the analyzed powder.

Source: Silva, 2017

Figure 14. EDS of Al AA1100; (a) Region analyzed;
(b) EDS spectrum

Figures 15 (a) and (b), respectively, are the region analyzed and the
spectrum of EDS referring to the manganese powder as received. The
equipment used also provides a semi-quantitative analysis, but the
analysis stands out indicating only the presence of manganese, thus
proving that there was no contamination of the material.

=

Figure 15. EDS of Mn; (a) Region analyzed; (b) EDS spectrum

Figures 16, 17 and 18 are SEM micrographs referring to the
aluminum alloy AA3303, processed by HEBM for 30, 60 and 120min
respectively. It is possible to observe that the samples of the AA3303
alloy, presented an irregular and flattened particle morphology, which
according to Silva (2017) is a morphology that is in accordance with
materials obtained by HEBM.

The micrographs of the aluminum alloy AA3303, also show that the
increase in the grinding time contributed to the decrease of the
particle size, producing particles with approximately the same shape
and sizes.

Figure 17. SEM micrograph of the AA3303 alloy - 60 min. MOM.
(a) 500x magnification; (b) 1000x magnification

Figure 18. SEM micrograph of AA3303 alloy - 120 min. MOM.
(a) 500x magnification; (b) 1000x magnification

Figures 19, 20 and 21 show the result obtained through the technique
of dispersive energy spectroscopy, for characterization of the
chemical compositions of the aluminum alloy AA3303 processed
during 30, 60 and 120 minutes by HEBM. The results obtained
through the analysis by EDS, for the alloy AA3303, show that
regardless of the grinding time that it was submitted, the alloy under
study presented only the chemical elements that constitute it,
according to ASM Handbook (2001), which are: Al, Zn, Cu, Si, Mn
and Fe. The images of the regions analyzed together with the help of
the coloring referring to each chemical element, make it evident and
facilitate the observation that the increase in the grinding time
provides homogeneity in the distribution of the alloy elements. The
presence of any chemical element that did not belong to the
composition of the alloy was not found, thus characterizing that there
was no contamination of the particulate material.

Figure 19. EDS AA3303 alloy powder map - 30 min. MOM; (a)
Region analyzed; (b) EDS spectrum
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Figure 20. EDS AA3303 alloy powder map - 60 min. MOM; (a)
Region analyzed; (b) EDS spectrum

T

Figure 21. EDS AA3303 alloy powder map - 120 min. MOM;; (a)
Region analyzed; (b) EDS spectrum

Characterization of consolidated material: After characterizing the
powders processed by high-energy ball milling for 30, 60 and 120
minutes, following the powder metallurgy manufacturing route, the
particulate material was directed to the consolidation step. Only the
powders of the samples processed by HEBM for 120 minutes were
consolidated, due to the characteristic phase of the alloys of the Al-
Mn system, the Aly (Mn, Fe) phase and a smaller particle size. After
the consolidation stage of the particulate material, the specimens
obtained were submitted to the process of metallographic preparation
and subsequent characterization. The consolidated material was
characterized by SEM / EDS, and Vickers microhardness test.

Scanning electron microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS): Figures 22 (a, b, ¢ and d) show SEM
micrographs, referring to the transverse and longitudinal sections, of
the hot extruded sample of the AA3303 alloy, with the 2000x and
5000x magnifications. The micrographs illustrated in the 22 (a, b, ¢
and d), present a homogeneous microstructure with little porosity.
Figures 23 and 25 shows the micro-analyzes of point EDS of the
cross-section and longitudinal section of the extruded sample of the
AA3303 alloy. The light gray precipitates (indicated by the yellow
circles) in Figures 22 (a, b, ¢ and d), were identified in spectrum 7 of
Figure 23 and in spectrum 17 of Figure 25, as a compound of Al and
Si. Light colored precipitates (indicated by blue circles) were
identified in spectrum 8 and 9 in Figure 23 and in spectrum 18 and 19
in Figure 25, as a compound of Al, Cu, Fe, Mn and Zn.

Figure 22 - SEM micrograph of the extruded alloy of the AA3303
alloy - 120 min. HEBM - cross section: 2000x (a), 5000x (b) -
longitudinal section: 2000x (c), 5000x (d)

These precipitates have different sizes, mostly an elongated shape,
mainly in the longitudinal section, where they are parallel to the
direction of extrusion indicated by the yellow arrows. The EDS
spectrum 10 of Figure 23, identifies a dark colored precipitate
(indicated by green circles), as a compound of Al and Mn, the
percentages of the elements suggest that this precipitate is from the
orthorhombic phase AlgMn. Figures 23 and 26 respectively show the
maps of the EDS analysis of the cross and longitudinal sections of the
sample of the extruded AA3303 alloy. The EDS analyzes carried out
in the transversal and longitudinal sections of the extruded sample of
the alloy AA3303 identified only the chemical elements that make up
the alloy, no contamination was identified.
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Figure 23. EDS spectrum of AA3303 alloy extrudate - 120 min.
HEBM - cross section
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Figure 24. EDS map of AA3303 alloy extrudate - 120 min. MAE -
cross section (a) Region analyzed; (b) EDS spectrum
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Figure 25. EDS spectrum of AA3303 alloy extrudate - 120 min.
HEBM - longitudinal section
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Table 3. Vickers microhardness test

Sample Extruded
AA3303-1 AA3303-2 AA3303-3
Cross section  Longitudinal section Cross section  Longitudinal section Cross section  Longitudinal section
1* Indentation 67.30 71.10 71.50 71.90 78.80 76.60
2* Indentation 70.70 68.80 71.50 74.70 80.60 73.70
3* Indentation 69.00 67.40 71.80 72.40 82.70 77.60
4* Indentation 78.10 70.70 71.90 72.40 81.00 72.00
5% Indentation 72.90 74.20 69.80 73.30 80.00 76.50
Average 71.60 70.44 71.30 72.94 80.62 75.28
Pattern deviation 3.74 2.31 0.77 0.99 1.28 2.09

Table 4 .Average Vickers microhardness test and Average pattern deviation

Sample AA3303

Cross section

Longitudinal section

General overall average
General pattern deviation

74.51
1.93

72.89
1.80

Vickers Microhardness Test of consolidated material: In order to
assess the repeatability of the manufacturing process of the alloys
manufactured using the powder metallurgy technique, three
specimens of the extruded billet were manufactured, all 3 samples
were subjected to the Vickers microhardness test, a load was used 0.2
kgf (HVO0.2). Tables 1 shows the results of the 5 indentations
performed on each of the 3 specimens and calculated average
hardness. Martins and Padilha (2006) characterized the commercial
aluminum alloy 3003 produced by continuous casting of sheets (twin
roll caster), and obtained the following hardness values: gross casting
54 HV and 39.4 HV for the homogenized sample. No study on the
characterization of the AA3303 alloy was found, but it is expected
that it behaves in a similar way to the AA3003 alloy, since the
percentages of the alloying elements (Si, Cu, Fe and Mn) are
identical, varying only the percentage of Zn, which is 0.10% for the
AA3003 alloy and 0.30% for the AA3303 alloy, according to ASM
Handbook (1992). Table 3 shows the hardness values obtained in
each of the 5 indentations made in each of the cuts (transversal and
longitudinal) and the calculations of their respective average and
pattern deviation. When compared with the samples extruded with the
material with the material manufactured by Martins and Padilha
(2006), the mechanical superiority of the specimens submitted to
extrusion is notorious, as they obtained a considerable increase in
hardness and lower values of standard deviation, this increase in
hardness associated with lower pattern deviation values is justified by
the higher densification of the material provided by the hot extrusion
process, which according to Fogagnolo (2000) and Nascimento
(2021), in aluminum powders provides a breakdown of the oxide
layer that covers the particles, generating thus a greater connection
between them, and eliminating the typical porosity of the sinter.
material. According to Costa (1998), the extruded product has strong
bonds between the particles that produce a final structure equivalent
to that of a forged product. Table 4 shows the general average of the
Vickers microhardness values and the average of the pattern
deviations for each of the sections calculated from the data in Table 3.

CONCLUSION

The powder metallurgy technique was effective in the manufacture of
the AA3303 alloy. and produced samples with excellent
characteristics. The results of the analysis of granulometry by laser
diffraction. showed the influence of the grinding time in the reduction
of the particle size. The HEBM times of 30 and 60 minutes were not
enough to manufacture the AA3303 alloy. as they were not enough to
form the Alg (Mn. Fe) phase. characteristic of the AA3XXX series
alloys. in addition they produced particle sizes much larger than those
found in starting powders. Only in powders subjected to HEBM for
120 minutes. the orthorhombic phase Als (Mn. Fe) was identified by
X-ray diffraction. which is characteristic of the aluminum alloys
composed by the Al-Mn system. thus characterizing the incorporation
of alloy elements in the matrix and the formation of the alloy itself. In
addition. the 120-minute milling produced median particle sizes very
close to those found in the starting powders Al and Mn. The SEM
results of the samples consolidated by hot extrusion showed a
homogeneous morphology. with little or no porosity. a result that is
characteristic of the hot extrusion process. The results of EDS
indicated only the presence of the chemical elements that compose
them. and the presence of a precipitate composed of Al and Mn. with
percentages that correspond to the orthorhombic phase Als (Mn. Fe).
verifying that there was no contamination during the manufacturing
process. The Vickers microhardness results of the hot-extruded
samples show much higher hardness values associated with a very
low pattern deviation. This is due to the hot extrusion process
providing a plastic deformation in the powder particles. thus
generating an increase in hardness to the material.
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