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Abstract

This study reports the combinatorial influence of build
direction and different ageing times. The Additively
Fabricated (AF) with selective laser melting (SLM)
specimens built-in various build directions (0° — 45° - 90°).
Accordingly, Solution Heat Treatment (SHT) was applied
then quenched in water at room temperature afterward.
Subsequently, T4 and T6 ageing procedures were executed.
Besides achieving advantageous T6 artificial ageing (AA),
specimens were exposed to different time combinations
(0.5, 1, 2,6, 10 h). Although it was observed that the density
did not change significantly with heat treatment, it was
indicated that the hardness value decreased around 35%
with the decrease in time, especially for T6 conditions. The
microstructure disparity as a function of the utilized
temperature, build direction, and time of the specimens
were correlated to hardness values. It was observed that
build direction and relative density results have no
significant effect on the hardness.
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1 Introduction

AM is a technique that has been trying to find a place in
the industry since the 1980s. It has been on the agenda due
to the development of technology and has not been able to
find the value it deserves due to technological constraints
[1,2]. The key advantage of AM is the capability of
manufacturing lightweight, robust and complex shapes
owing to layer by layer manufacturing methodology directly
from computer-aided design (CAD) data. In the last few
decades, interest in this technology has increased due to the
fact that AM is one of the core methodologies of industry 4.0
[3.4].

Laser Powder Bed Fusion (LPBF) is one of the most
prevalent technigues amongst the available AM processes
that gives an opportunity to produce complex parts rapidly
[5]. LPBF, also known as SLM or Direct Metal Laser
Sintering (DMLS), is great interest. Regarding this
technique, build volume is one of the drawbacks. Moreover,
surface roughness and cost-effectivity also need to be

Oz

Bu calismada, Eklemeli Imalat ile iiretilmis parcalarin insa
yonii ve farkli yaslandirma siirelerinin parga tizerindeki
etkileri incelenmistir. Segici Lazer Ergitme yontemi (SLE)
ile 0° — 45— 90° insa yonlerinde tiretilmis numunelere daha
sonra ¢ozeltiye alma 1s1l islemi uygulanmistir. Takiben oda
sicakliginda su verme islemine tabii tutulmustur. Ardindan
da T4 ve T6 yaslandirma islemleri uygulanmistir T6 yapay
yaslandirma isleminin avantajlarint  gérebilmek icin
numunelere farkli siirelerde 1s1l islem uygulanmigtir. Isil
islemle yogunlugun énemli 6l¢iide degismedigi goriilmekle
birlikte, ozellikle T6 kosullari i¢in 1s1l islem siiresinin
artmastyla birlikte sertlik degerinin %35 civarinda azaldig:
belirtilmistir. Uygulanan sicakligin, insa yoniiniin ve 1sil
islem siirelerinin bir fonksiyonu olarak mikro yapidaki
diizensizlikler — incelenmis ve sertlik  degerleriyle
iliskilendirilmistir. Insa yonii ve yogunluk sonuglarinin
sertlik iizerinde dnemli bir etkisinin olmadig1 goriilmiistiir.

Anahtar kelimeler: AlSi10Mg, SLM, Toz yatakli fiizyon,
Yaslandirma

considered. Furthermore, the mechanical and geometrical
quality of built parts highly depends on relative density and
surface roughness [6].

Aluminium (Al)-Silicon (Si) alloys have become a highly
preferred material in the industry due to their superior
properties, such as good strength to weight ratio, high
corrosion resistance, cost-effectiveness, and commercial
availability [7]. In several publications, thermal post-
processing parameters have been discussed [8-11].
Moreover, additively manufactured parts require specific
post-processes to achieve good mechanical properties
(mainly hardness and tensile strength). In general, specific
heat treatments are applied, such as stress relief, low-
temperature annealing, and natural/artificial ageing (T4, T6)
to minimize residual stresses, achieve fine microstructure,
and increase the toughness fatigue as creep properties [12-
18]. The increase of mechanical properties at macroscale
depends on the amount, distribution, and size of magnesium
silicide (Mg.Si) and Si in solid solution strengthening
dislocation hardening and Hall-Petch like strengthening [19-
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21]. In addition, the supersaturation of Si due to rapid cooling
affects the cellular eutectic microstructure [21-23].

The presented study aims to observe optimum ageing
parameters of the most used variation of Al-Si alloy's
(AISi10Mg) for T4 and T6 treatment conditions for samples
fabricated with three different angles from the built plate (0°-
45°-90° regarding the heat treatment time. The
microstructure dissimilarities consequential from the
executed post treatments were interrelated to mechanical
properties in terms of hardness, SEM, and XRD analyses.

2 Materials and methods

In this experimental study, commercially available gas
atomized AlSil0Mg powder was used provided from GE
Additive. The size distribution is 10 — 45 um, while the
average size is ~30 pm. The chemical composition of the
powder is tabulated in Table 1. The powder morphology is
spherical and has a fine satellite particle in which most of the
sizes are less than 5 pm, as shown in Figure 1.

Figure 1. AISi10Mg powder SEM micrograph showing
the powder shapes

A Consept Laser M2 Cusing machine capable of Laser
Powder Bed-Fusion was used for specimen fabrication. The
system has a Yb-fibre laser with powers up to 400 W and a
60 pum laser spot size. The processing atmosphere is Argon,
and Oxygen content was below 0.1 %. Chessboard scanning
technique was applied for specimen fabrication which is not
especially preferred. However, it is the standard scanning
strategy of the Concept Laser System. The bi-directional
scanning method has been applied as the laser scanning
parameter for the inside of each island [24]. After melting of
each islands, laser scans the all periphery of the layer to
improve the surface finish. These islands are translated in the
X, and y directions 1mm for each following layer and the
inner scanning direction of the islands are changed by 90°.
Samples were fabricated in three orientations according to
build table (Figure 2). The long axis chosen perpendicular to
the building table for vertically built samples. (coded below
as AF-V; T4-V; T6-V / V:Vertical). According to the build
table surface, the transversal direction is manufactured as 45°
(coded below as AF-T; T4-T; T6-T / T: Transversal).
Horizontally built samples (coded below as AF-H; T4-H;

Table 1. Chemical composition of AISi10Mg powder

T6-H / H: Horizontal) are positioned parallel to the
fabrication & gas flow direction. The subsequent parameters
were used: Laser power (P) 370 W, 1400 mm/s scan speed
(Vs), layer thickness (Lt) of the part 25 um. The hatch
distance (Hd) was 112 um while the energy density was
calculated from the Equation 1 below and led to 94.38 J/mm?

Ed = P/(VsxHdxLt) 1)

Note that, as the current study assesses the influence of
post-processing rather than the manufacturing parameters.
So that the selected parameters were acceptable.

Specimens were first manufactured as cylindrical tensile
test specimens with 10 mm diameters, then cut to novel
cylindrical samples with 10 mm heights from the top of each
sample for heat treatment trials (Figure 2).
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Figure 2. Test specimen manufacturing

According to the composition obtained from the energy-
dispersive X-ray spectroscopy (EDS) analysis and
thermodynamic calculations from the composition, 520°C
must be exceeded to dissolve Mg.Si. The samples were
heated up to 530°C and dwelled for 2 hours for the solution
heat treatment process, then quenched into water at room
temperature (RT) (22°C) for approximately 30 minutes.
Following this procedure, some samples were reserved for
natural ageing for 96 hours. The rest were artificially aged at
200°C with different time intervals (0.5, 1, 2, 6, 10 hours)
and cooled in the air afterward (Figure 3).
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Figure 3. Schematic schedule of the ageing post-process

Al Si Fe Mn Mg Ti Zn Sn Cu Ni Pb
Bal. 9.6 0.16 <0.01 0.36 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Y%owt 9 Max. Max. 0.20 Max. Max. Max. Max. Max. Max.

11 0.55 0.45 0.45 0.15 0.10 0.05 0.05 0.05 0.05
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3 Results and discussion

3.1 Hardness and relative density vs. heat treatment

HR-15T microhardness measurements were performed
with an EMCO-TEST/DuraScan hardness testing device
with an applied load of 100gf according to the ASTM - E384
standard with a dwell time of 5 s. At least five measurements
were taken from different zones of the etched surface. 100
mL of Keller's etching solution was prepared with a
composition of 2.5 mL HNOs (nitric acid), 1.5 mL HCI
(hydrochloric acid), 1 mL HF (hydrogen fluoride), and 95
mL H,O (water). Etching was applied before the hardness
measurement to determine the non-porous zones and
increase the measurements' accuracy. Measurements were
averaged and are depicted in Figure 4 with an error margin
of 1 %. It is observed that the hardness increases in the range
of 10 — 30 % in all directions as a result of T4 and T6 ageing.

Moreover, it was determined that the maximum hardness
was reached in the T6 — 2 h samples, among which the
highest hardness was achieved in T6 — 2 h samples, which
were horizontal. However, lower hardness values were
obtained in the T6 ageing process than AF in samples where
0.5 and 1 h were used. After 2 hours, there was an average
decrease of 32 % compared to the maximum hardness in heat
treatments. Because of the rapid cooling caused by the
amount of laser energy corresponding to the unit area and the
fact that this occurs quickly and prevents recrystallization
and coarsening of the grain structure, higher hardness values
were achieved [25-27].

Porosity is an important parameter for the mechanical
behaviour of the materials for the parts produced by AM. The
formation of porosity changes the bulk density of the
material. In this context, density measurements were carried
out for the materials produced. Density measurements were
carried out in the Mettler-Toledo-XS204 device according to
the Archimedes principle. The weight of the samples was
measured by device first in the air and then immersing the
samples in water. It was observed that the aging process did
not have a significant effect on reducing the porosities.
Among the AF samples, the lowest density was observed in
horizontal samples and the highest density was observed in

120

vertical samples. Measurements indicates that this situation
is due to the relatively low amount of porosity seen in
vertical samples. No significant difference was detected in
terms of density for the diagonal samples. There is a small
amount of irregular increase in density for aging applied
samples, unlike the AF samples. Similar results are also
stated in some publications in the literature [28-30].

3.2 XRD results

Figures 5(a-c) present XRD spectral patterns of AM-
AISi10Mg alloys fabricated in three different directions by
the built table (0°, 45°, 90°) of the as-built, natural, and
artificially aged conditions. A PANAIytical X-Pert-Pro XRD
machine was used for the analyses. The values in the graph
are normalized to the highest peak of Al (111) such that all
the data is presented in the same graph. Rapid cooling causes
micro-solidification such that in the Al matrix, a limited
quantity of Si peaks was noticed in the as-fabricated alloy,
representing that a significant quantity of Silicon particles
was supersaturated. The intensity of Si peaks increased after
the 2 h SHT process but did not change drastically following
Acrtificial Aging for 6 and 10 h. A small amount of a Mg.Si
phase could be detected at around 58° (220) and 100° (620)
for T6 and as fabricated specimens. The crystallographic
texture was observed in the XRD patterns of all plots; Al
(111) presence the most substantial peak in the pattern, Si
(200) revealed comparable intensity to Al (111) in the
horizontal and transversal cross-section. On the contrary, Si
(200) peaks are much higher than Al (111) peaks. The texture
stated from XRD reveals that there is a thermal gradient
along with the three directions during the process, which
affects the preferential growth of Al along with the (111)
orientation. In addition, the Al (200) peak of the vertical
samples had a stronger concentration in contrast to
horizontal and transversal samples. This slightly different
texture in the three directions signifies that the vertical
direction's energy density per unit area is higher than in the
other directions. Note that similar texture behaviour
remained for other directions after natural and artificial heat
treatments.
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Figure 4. Hardness results of AM-AISi10Mg samples according to the HR-15T hardness measurement method
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Figure 5a. XRD patterns of horizontal (0°) AM-AISi10Mg samples AF-As fabricated, T4 naturally and T6 artificially
aged samples (2 h, 6 h, 10 h)
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Figure 5b. XRD patterns of transversal (45°) AM-AISi10Mg samples AF-As fabricated, T4 naturally and T6
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Figure 5¢c. XRD patterns of vertical (90°) AM-AISi10Mg samples AF-As fabricated, T4 naturally and T6 artificially

aged samples (2h, 6h,10h)

3.3 Microstructural evaluation

The microstructure of samples was studied through a
secondary electron method. The microstructure of AF
samples consists of primary Al (dark region) within the
majority of approximately 1 micron and AIl-Si (lighter
eutectic region), which can be seen in Figure 6. (AF-V-a;
AF-V-b; AF-H-a; AF-H-b ; AF-T-a; AF-T-b) The eutectic
structure located between some Al cells and enrichment of
Si was also detected along the Al cell boundaries. The global
microstructure of AM-AISi10Mg alloys after T4 (T4-V; T4-
H;T4-T)and 2 h, 6 h, 10 h, and SHT at 530°C is displayed
in Fig. 6 (T6-2-V; T6-2-H; T6-2-T ; T6-6-V; T6-6-H; T6-6-
T ; T6-10-V; T6-10-H; T6-10-T). Transformation of the
microstructure by coarsening of Si particles during the SHT
process was observed since columnar and "“fish-scale” melt

pool features disappeared distinctively. The morphology and
distribution of Si particles were further discovered in SEM
micrographs in Figures. The predominance of Si particles
seems to have an improper shape in all directions. The size
variation lies approximately 500 nm to 5 um while the aspect
ratio remains similar in all directions.

In addition, no noticeable difference in shape and density
of Si particles for Horizontal, Transverse, and Vertical cross-
sections after the SHT were observed. Precipitate's
approximate length was typically 1 — 5 um and had a width
of <500 nm. EDS analysis performed to correctly recognise
the precipitates. It is revealed that these precipitates were
supplemented in iron (Fe). Moreover, coarsening and shape
irregularity of Si particles are affected by T6 heat treatment
time.

Brightness = 44.1 %
Contrast = 24.8 %
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Figure 6. SEM view of samples. AF; As-Fabricated, T4; Natural Ageing; T6; Artificial Ageing. (H: Horizontal; V:

Vertical; T; Transversal)

4 Conclusion

The effect of various post-process parameters was
evaluated in this study for samples manufactured with
different direction samples.

» This study paves the way for part manufacturers to
identify specific post processes and choose the most suitable
parameters for their design.

* The study may be further extended to evaluate the
influences on mechanical properties of different heat
treatments.

* Optimum heat treatment parameters regarding hardness
are 2 hours at a time at 200 °C for all manufacturing
directions.

* Especially in terms of time and cost for industrial
applications, the method of obtaining parts with high

hardness and strength with direct heat treatment bypassing
SHT needs to be investigated in detail.
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