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ABSTRACT

The versatility and adaptability of Aluminum F357 (AlSi7Mg) make it a popular material in the
aerospace and defense industries. In this study, two different laser powder bed fusion systems,
EOS M290, and SLM 280HL were used to create specimens of Aluminum F357. These
specimens were subjected to five different heat treatments: As-built, stress relief (SR), hot
isostatic pressing (HIP), T6, and HIP+T6) as per ASTM F3318-18 standard. The printed
specimens were then reduced to tensile bars through machining and tested for mechanical
properties as per ASTM E28 using an MTS Landmark tensile testing system. In addition to the
mechanical behavior analysis, the study used a JEOL JSM-IT500 SEM to observe and document
the fracture produced by the tensile test and a Qness 30 CHD Master+ microhardness testing
system to obtain hardness (HV) values of the alloy. The results showed that specimens fabricated
in the Z direction had a tendency for higher yield strengths of approximately 225 MPa and
although these results were similar between LPBF systems some variances can still be seen.
However, these differences between the LPBF systems were observed to be partially mitigated
by heat treatments. In conclusion, this study highlights the significance of heat treatment on the
mechanical properties of Aluminum F357. The results provide valuable information for the
aerospace and defense industries to optimize their processes and produce high-quality
components. The compatibility of LPBF system fabrication and the mitigation of differences
observed between LPBF machines by heat treatments, further demonstrate the potential of this
method for producing high-quality Aluminum F357 components.

1 INTRODUCTION
Generally, aluminum alloys possess a wide array of desirable engineering characteristics,

including low density, high strength, a high strength-to-weight ratio, resistance to corrosion,
weldability, and recyclability. Among these properties, strength and related mechanical attributes
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such as hardness and elongation can be adjusted to suit various engineering applications through
processes like forging, casting, and heat treatment. These processes result in different
microstructures, such as grain sizes, dendrite structures, and interparticle spacings, which
directly impact the mechanical properties [1-10].

Additive manufacturing, particularly laser powder bed fusion (LPBF), has introduced additional
microstructural features in aluminum alloys due to rapid cooling rates [11]. As a result, new
possibilities have emerged for manipulating and selecting mechanical properties through post-
process heat treatment, particularly for popular alloys like hypoeutectic AISi10Mg and AlISi7Mg
[12-23]. Heat treatment approaches for LPBF-fabricated AlSiMg alloys include stress relief
annealing, T6 treatment (solution heat treatment followed by quenching, cooling, and aging),
high-pressure T6 treatment, direct aging, hot isostatic processing (HIP), and various
combinations and sequences of these treatments at different temperatures and durations
[11,14,17,18,21]. These characteristics of LPBF fabrication and post-process heat treatment have
expanded the range of applications for AISiMg alloys, especially in complex component
geometries. Examples include structures for impact and energy absorption, heat exchangers with
intricate internal cooling channels, and an increasing number of components in electric vehicles
and aerospace systems [12,16,22,23].

This study focuses on the post-process heat treatment of LPBF-fabricated AlSi7Mg (F357) alloy
and serves as a follow-up to a comprehensive comparison of heat treatments, residual
microstructures, and mechanical properties for AISi1l0Mg (A356) alloy, which was recently
published [24]. Similar to AISi10Mg, AlSi7Mg alloy finds wide-ranging applications, as briefly
mentioned earlier. The novelty and significance of this research lie in the extensive development
of mechanical property data, including 1660 measurements of tensile properties (yield strength,
ultimate tensile strength, and elongation) and micro indentation hardness (HV) for components
fabricated in the build direction (Z) and the load direction perpendicular to the build direction
(XY) in their as-built, aged, heat-treated, and aged states. Additionally, this study compares these
mechanical properties for AlISi7Mg components fabricated using two different LPBF systems,
which is crucial for standardizing the product.

2 MATERIALS AND METHODS
2.1 Powder feedstocks

The powder utilized in the SLM system was atomized F357 (AlSi7Mg) shown in Table 1;
supplied by IMR Metal Technologies (Frankfurt am Main, Germany). The powder had a particle
size distribution of D10: 26.4 um, D50: 39.7 um, and D90: 59.7 um.

The powder utilized in the EOS system was atomized F357 (AlSi7Mg) shown in Table 1 and
Figure. 1 (a) and (b); provided by Valimet, AM 357C (Stockton, California). A Retsch Camsizer
X2 (Haan, Germany) was used in order to study particle size and shape of the powder through
dynamic image analysis with a two-camera-system, the Camsizer yields consistent particle size
distribution and shape analysis. The stock powder had a particle size distribution of D10: 24.4
um, D50: 39.3 pm, and D90: 60.4 pm.
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Table 1. Powder chemical composition (wt.-%)

Other Other
Alloy Al Si Fe Cu Mn Mg Zn Ti Be elements, | elements,
each total
F357 6.5 - 0.40 - 0.04 -
(EOS) Balance 75 0.10 0.20 0.10 0.70 0.10 0.20 0.002 0.05 0.15
F357
(SLM) Balance | 7.1 0.08 0.001 | 0.001 | 0.56 0.002 0.07

For further analysis, a JEOL JSM-IT500 Scanning Electron Microscope (SEM) was used to
produce images and for analysis which revealed minimal porosity and spherical morphology of
the powder, shown in Figure 1.
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2.2 Laser powder bed fusion systems and process parameters.

In accordance with industry best practices, SLM Solutions, based in Lubeck, Germany,
employed an SLM 280HL system with a build size measuring 280 x 280 x 365 mm to
manufacture specimens. The F357 alloy was utilized, and the fabrication process involved a laser
power of 370 W, a scan speed of 1200 mm/s, and a layer thickness of 30 um, adhering to the
specified parameters.

Furthermore, at The University of Texas at El Paso, printed specimens were produced using an
EOS M290 system from Kralling, Germany. This particular system features a 400 W Ytterbium
fiber laser and a build volume measuring 250 x 250 x 325. After careful consideration of the
experimental design, the F357 alloy was employed in the fabrication process. The parameters
utilized were a laser power of 370 W, a scan speed of 1300 mm/s, a hatch of 0.13 mm, and a
layer thickness of 30 pm.

2.3 Thermal processing/heat treatment

An ASTM standard for heat-treating additively manufactured aluminum F357 does not currently
exist. However, in this study on F357, the ASTM F3318 standard was followed. Previous studies
have demonstrated that post-process heat treatments can modify the microstructure and
mechanical properties of laser powder bed fusion aluminum F357 parts at room temperature (25
°C). Therefore, this work applied a variety of post-process heat treatments to the F357
specimens. The heat treatments conducted on the F357 specimens included stress relief (SR)
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anneals, T6 treatment, hot isostatic pressing (HIP), and combinations of these treatments.
Additionally, artificial thermal aging was performed on some specimens to observe changes in
microstructure and mechanical properties. Two different aging temperatures (140.5 °C and 177
°C) and three aging times (0 hours, 100 hours, and 1000 hours) were selected. The resulting
microstructures were characterized using optical metallography, and the mechanical properties
were evaluated through room temperature tensile tests and Vickers micro-indentation hardness
measurements. With the application of five heat treatments and five different aging conditions,
this study presents results for up to 100 different variants of F357.

Heat treatments consist in use of temperature and time at temperature to modify the properties of
a material, in this case printed aluminum F357. The schedules of the heat treatments consist in
the aging of as-built F357 samples, one stress relief treatment (SR1), HIP, T6, and HIP+T6
treatments of the printed samples. ASTM F3318 was used for heat treatment standards shown
below:

Heat treatments:
SR1: 285°C (x14°C) for 120 min (£15 min), air cooled
HIP: 100MPa, 515°C (x14°C) for 180 min, inert atmosphere cooled
T6: 530°C (x6°C) for 360 min, quenched in water, aged 160°C (£6°C) for 360 min
HIP + T6: HIP, followed by T6 processing
Aging:
Times: Ohr, 100hr, 1000hr.
Temperatures: 140°C and 177°C.

A total of 100 experimental variants were created with these two orientations, times and
temperatures as listed in Table 2 and Table 3 below for each of the LPBF systems utilized in this
study.

Aging was monitored with external type K thermocouples and recorded by two independent
automatic data loggers every 30min to ensure the temperature continue constant at 140°C and
177°C for the 100 and 1000 hours.

2.4 Tensile testing

All samples underwent tensile testing using an MTS Landmark servo-hydraulic system, located
in Eden Prairie, US, with a force capacity of 10 kN. The system features threaded grips where
the specimens are securely held. Additionally, a 30mm axial clip extensometer from MTS was
utilized, as depicted in Figure 2. Machining of the samples followed the guidelines outlined in
the ASTM EB8 standard. To ensure consistent testing conditions, the crosshead displacement
speed was set at 0.476 mm/min. For each condition and orientation, the mechanical properties
were determined based on the average results obtained from either four or six specimens, as
illustrated in Figure 3. The stress-strain diagram of each specimen was used to calculate its
individual mechanical properties. Yield stress measurements were determined using a 0.2%
strain offset method. The As-built and HIP conditions comprised four specimens per sample,
while the T6, HIP+T6, and SR1 conditions included six specimens per sample.
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Figure 2. a) Tensile test performing sample, b) MTS Landmark
servo-hydraulic system

2.5 Density measurements

Density measurements were conducted using the helium gas displacement method employing an
Accupyc 11 1340 Pycnometer from Norcross, United States. Each experimental variant
underwent 10 measurements using the pycnometer. Mass measurements, on the other hand, were
obtained utilizing a Sartorius CP124S weight balance manufactured by Sartorius AG in
Germany. By combining the obtained mass and volume measurements, the density values were
calculated.

2.6 Hardness measurementiaeci]

Hardness testing was conducted in accordance with ASTM E384-17 standards using a Qatm -
Qness 30 CHD Master+ instrument. The Vickers (HV) scale was utilized for the measurements.
Samples that were printed in the vertical (Z) direction were evaluated, and measurements were
taken from the X, Y, and Z planes. For each sample, five indentations were made on the surface
using a load of 100gf. The indentations were spaced at least three millimeters apart.

3 RESULTS AND DISCUSSION
3.1 Microstructure and mechanical property comparisons

Figure 4 compares the light (optical) microscope images for unaged, Z-direction, as-built, SR1
treated, HIP, T6, and T6 + HIP treatment for EOS LPBF fabricated AlISi7Mg alloy components.
The corresponding, representative stress-strain diagrams for each condition (Figure 4 (a) to (e))
are also shown in Figure 4 (f). The initial, as-built microstructure shown in Figure 4(a) is
characterized primarily by ~1-micron micro dendritic cells which are altered at the interlayer
melt bands. This microstructure is little altered after SR1 anneal at 285 °C (Figure 4(b)). The T6
(at 530 ° C); roughly 0.8 melting point (~ 615 ° C) treated components as shown in Figure 4(c)
completely recrystallizes the dendritic microstructures in Figure 4(a) and (b), creating an average
grain size of ~15 microns. This recrystallized grain structure contains a fairly homogeneous
distribution of mostly coarse, eutectic Si particles having sizes as large as 5 microns (Figure
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4(c)). Following HIP treatment at 515 °C as shown in Figure 4(d), these Si particles have a wider
size distribution, and higher particle density. The particles are more globular and the interparticle
spacing is ~1 micron. The corresponding stress-strain diagram shown in Figure 4(f) illustrates a
decrease in the YS and UTS, and a corresponding increase in the ductility (elongation) for the
HIP treatment in contrast to the as-built, SR, and T6 treated components. These results were also
observed for previous studies for LPBF fabrication and heat treatment of AlSi10Mg alloy [24-
26]. The as-built alloy components following HIP + T6 treatment as shown in Figure 4(e) also
exhibit a coarse Si particle size smaller than the HIP Si particles in Figure 4(c) as a result of the
T6 treatment following the HIP treatment. The particle density and interparticle spacing is
similar to those in Figure 4(c) for the T6 treatment.

It is useful to examine Figures 5 and 6 simultaneously since they represent the as built and heat
treated AlSi7Mg components in Figure 4 following aging for 100 h and 1000 h at 140 °C,
respectively. It is apparent that not only are the component microstructures in Figures 5 and 6
essentially the same, but they are also little changed from those observed in Figure 4; with the
exception of the HIP + 1000 h aging at 140 °C (Figure 6 (d)), where the distribution of Si
particles is denser. Indeed, the stress-strain diagrams in Figures 5(f) and 6(f) also exhibit
essentially the same extremes between the as-built, SR, and HIP treated components as shown in
Figure 4 (). It is notable that the alloy components post-processed by HIP and aged for both 100
h and 1000 h at 177 °C show very dense distributions of the eutectic Si particles: Figures 7(d)
and 8(d), respectively. The corresponding stress-strain diagrams shown in Figures 7(f) and 8(f)
are also similar and are templates of those stress-strain diagrams shown in Figures 4(f) to 6(f),
especially for the HIP treatment. It might be noted that the eutectic Si particles in all cases are
smaller, denser, and have a smaller interparticle spacing for HIP treatment in contrast to either
T6 or HIP + T6 treatments: compare Figures 4(d) to 8(d) with Figs 4 to 8(c) and (e). This may
represent an anomaly in part since smaller-spaced particles in general raise the strength and
lower the ductility (elongation); opposite to the HIP-related stress-strain diagrams especially in
contrast to those for the T6 and HIP + T6 treatment diagrams. However, in this case, the very
large and irregular Si particles noted for the T6 and HIP + T6 treated components tend to act in a
very different way, possibly emulating a duplex structure in connection with the small grains (~
12-15 microns in contrast to 5-micron Si particles). This would give rise to a higher strength and
lower ductility for the T6 and HIP + T6 components shown in the respective stress-strain
diagrams [27]. It is notable that this phenomenon was also observed in our previous study of
LPBF -fabricated and heat treated AISi10Mg [24], where other related complexities of
precipitation hardening were discussed.
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Figure 4. Microstructure images and corresponding stress-strain diagram for EOS F357 z-axis built and post process heat

treatments with no aging. A) As built, b) SR1 c) T6, d) HIP, e) HIP+T6, f) Stress-strain diagram.
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Figure 5. Microstructure images and corresponding stress-strain diagram for EOS F357 z-axis built and post process heat
treatments aged for 100h at 140°C. a) As built, b) SR, c) T6, d) HIP, e) HIP+T6, f) Stress-strain diagram.
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Figure 6. Microstructure images and corresponding stress-strain diagram for EOS F357 z-axis built and post process heat
treatments aged for 1000h at 140°C. a) As built, b) SR1 c) T6, d) HIP, e) HIP+T6, f) Stress-strain diagram.

While Figures 4 to 8 only represent the range of microstructures and tensile (stress-strain)
properties observed for EOS system-fabricated and post-process heat treated AlSi7Mg alloy
components with and without aging treatments corresponding to the Z or build direction,
components similarly fabricated and post-processed in the XY direction (perpendicular to the
build direction as shown in Figure 3) produced essentially identical sequences of microstructures
and corresponding stress-strain diagrams. In addition, components fabricated in the SLM LPBF
system also produced the same microstructures and stress-strain diagram trends as those
observed for the EOS system fabrications in both the Z and XY directions (Figure 3). Figure 9
provides support for this contention by comparing the stress-strain diagrams for both the EOS
and SLM system components fabricated in both loading directions (Z and XY) and heat treated
without aging. It is notable in Figure 9 that the extremes in the stress-strain diagrams show
uniformly that the as-built components have the highest strength (YS and UTS) and lowest
elongation to fracture while the HIP components exhibit the lowest strength and highest
elongation to fracture, consistent with previous studies [24-26]. Note also that the trends of the
stress-strain diagrams in Figure 9 are essentially the same for both the EOS system and SLM
system fabricated AlSi7Mg components.

290



f EOS Z 100hr 177°C

~=EOS as-built
350

~—EOS SR

~—EOQST6

~—EOSHIP

w
=1
S

e
o
<

1~
=1
5]

EOS SR1

Stress MPa
B
I
S

[
o
S

EOS HIP+T6
50

=—EOQS HIP+TB

EOSHIP

0 0.002 0.004 0.006

Strain

0.008

0.01 0.012

Figure 7. Microstructure images and corresponding stress-strain diagram for EOS F357 z-axis built and post process heat

treatments aged for 100h at 177°C. a) As built, b) SR, c) T6, d) HIP, e) HIP+T86, f) Stress-strain diagram.
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treatments aged for 1000h at 177°C. a) As built, b) SR, c) T6, d) HIP, e) HIP+T86, f) Stress-strain diagram.
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Figure 9 Characteristic curves for a) EOS printed parts in Z orientation, b) SLM printed parts in Z orientation, c) EOS printed

parts in XY orientation and d) SLM printed parts in XY orientation.

Figure 10 represents alternative comparisons of stress-strain diagrams for components fabricated
in the EOS system and aged along the left-hand portion of the figure (Figurel0 (a), (c), (e), and
(9), in contrast to corresponding SLM-fabricated components along the right-hand column
(Figure 10 (b), (d), (f), and (h)), respectively. Here again there is a similarity in the trends of the
individual stress-strain curves. A notable difference between these diagrams is their shape as
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they tend to fracture for the SR-treated components in Fig 10 (e) and (g) for the EOS system and
Figure 10 (f) and (h) for the SLM system; representing tensile testing in the Z and XY directions,
respectively. This steep decline in stress over a narrow strain window is indicative of rapid
thermal softening or necking as a result of a rapid increase in void fraction leading to failure.
This phenomenon has been discussed in some detail by Pineau, et al. [28] and Wcislik and Pala
[29] for metal failure in general.

Figures 11 and 12 illustrate that there is a preponderance of this steep softening for HIPed and
aged tensile components fabricated in the Z and XY directions in both the EOS and SLM
systems; especially notable in the XY direction as shown in Figure 12 (a) and (b). These results
indicate that in some applications, components of AlSi7Mg alloy fabricated in the XY direction
in either the EOS or SLM systems may pose some concerns after HIP and adding, which create a
broader range of lower strengths in contrast to other heat treatments.
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Figure 10. Characteristic curves for printed parts on a) EOS Z as built, b) SLM Z as built, ¢) EOS XY as built, d) SLM XY as
built, ) EOS Z stress relief, f) SLM Z stress relief, g) EOS XY stress relief, h) SLM XY stress relief
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Figure 12. Characteristic curves for printed parts on a) EOS XY HIP, b) SLM XY HIP, ¢) EOS XY T6, d) SLM XY T6, e) EOS XY
HIP+T6, f) SLM XY HIP+T6

3.2 Mechanical property comparisons and discussion

While the representation of tensile properties-yield stress (YS), ultimate tensile strength (UTS)
and elongation (%)-as represented in the various comparative stress-strain diagrams in Figures 4
to 12 represent useful graphic overview and summaries of the variously heat treated (and aged)
AlSi7Mg alloy components, the actual measured values are not obvious. Tables 4 to 7 list the
average, measured mechanical property values (YS, UTS and elongation); including densities
and microindentation hardness (HV) values for the various components. It can be observed in
Tables 4 to 7, and as noted in the various stress-strain diagram comparisons, that the as-built

Table 4. Mechanical properties and related data for as built, SR, HIP, T6 and HIP+T6 on EOS Z build direction

EOS (2)
Heat Treatment |Aging Condition |Avg. YS (Mpa) |Avg. UTS (MPa) |Avg Elongation (%) |Density (g/cm?®) |Hardness (HV)
As Built  |Ohr 225 410 13.2 2.65 120
100hr 140°C 282 440 8.5 2.65 133
1000hr 140°C 212 372 9.2 2.65 115
100hr 177°C 196 348 8.3 2.66 104
1000hr 177°C 193 327 10.1 2.65 106
SR Ohr 159 250 18.2 2.65 79
100hr 140°C 177 272 17.5 2.64 82
1000hr 140°C 160 246 18.1 2.65 79
100hr 177°C 170 261 15.9 2.65 89
1000hr 177°C 189 290 13.9 2.65 96
HIP Ohr 87 132 25.3 2.65 51
100hr 140°C 88 133 354 2.63 50
1000hr 140°C 97 131 34.9 2.66 52
100hr 177°C 84 126 34.6 2.64 50
1000hr 177°C 81 118 41.3 2.65 44
T6 Ohr 263 312 14.2 2.62 107
100hr 140°C 291 330 12.8 2.59 118
1000hr 140°C 264 303 10.0 2.62 112
100hr 177°C 201 237 14.2 2.66 88
1000hr 177°C 104 158 22.9 2.63 58
HIP + T6  |Ohr 205 258 18.7 2.66 60
100hr 140°C 309 350 15.7 2.66 123
1000hr 140°C 278 316 15.9 2.66 109
100hr 177°C 206 243 16.6 2.67 86
1000hr 177°C 109 158 27.2 2.65 59
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YS and elongation values are reversed for the HIP values: as-built YS values are ~ 3 times the
HIP values while the elongations for as-built components are roughly half those for the HIP
components. Additionally, the XY-built component YS and elongations are generally larger than
corresponding as-built Z direction components, while the HIP component values are little
changed, indicating more homogenized microstructures and corresponding mechanical
properties. This applies to the components fabricated in either the EOS or SLM systems,
Confirming that AISi7Mg components fabricated, and heat treated from either LPBF system do
not differ significantly in their mechanical properties.

It is also of interest to observe in Tables 4 to 7 that aging at 177 °C for 1000 h decreased both the
yield stress and corresponding micro indentation hardness (HV) in contrast to the unaged
condition for all as-built, HIPed, T6 and HIP + T6 treated components for both loading
directions (Z and XY) for both LPBF systems (EOS and SLM); the exception being the SR-
treated components where both the YS and HV values increased from the unaged condition.

It can also be observed that the trends in the associated micro indentation hardness (HV) values
correspond to the Y'S values: high YS values for the as-built components correspond to high HV
values while the low YS values for HIP components correspond the low HV values for these
components. It is observed in Tables 5 to 7 that products fabricated in the XY direction have YS
Values ~ 12% higher than those fabricated in the Z direction. In contrast, elongations for HIP
components are generally similar to either Z or XY builds, although the highest elongations of ~
40 % occur uniformly for HIP + aging at 177 °C for 1000 h.
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Table 5. Mechanical properties and related data for as built, SR, HIP, T6 and HIP+T6 on SLM Z build direction

SLM (2)
Heat Aging Avg. YS Avg. UTS Avg Elongation Density Hardness
Treatment | Condition (Mpa) (Mpa) (%) (g/cmd) (HV)

As Built | Ohr 263 409 6.9 2.64 122
100hr 140°C 271 411 8.3 2.65 125

1000hr 140°C 202 350 9.3 2.65 106

100hr 177°C 182 321 9.7 2.62 102

1000hr 177°C 183 291 14.2 2.65 91

SR Ohr 156 253 16.3 2.65 80
100hr 140°C 156 241 20.3 2.65 81

1000hr 140°C 149 237 21.6 2.65 77

100hr 177°C 158 251 19.7 2.65 81

1000hr 177°C 177 279 16.8 2.65 89

HIP Ohr 85 135 31.3 2.65 51
100hr 140°C 88 136 36.1 2.64 51

1000hr 140°C 93 134 35.7 2.66 53

100hr 177°C 88 130 36.5 2.62 48

1000hr 177°C 80 119 41.8 2.65 47

T6 Ohr 267 316 11.2 2.62 113
100hr 140°C 292 330 10.3 2.57 113

1000hr 140°C 268 299 10.9 2.63 110

100hr 177°C 201 240 12.1 2.58 87

1000hr 177°C 102 157 21.8 2.55 57

HIP + T6 | Ohr 199 258 19.2 2.67 65
100hr 140°C 314 352 17.6 2.66 126

1000hr 140°C 278 316 15.2 2.66 111

100hr 177°C 212 238 14.4 2.65 81

1000hr 177°C 111 160 24.3 2.65 58
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Table 6. Mechanical properties and related data for as built, SR, HIP, T6 and HIP+T6 on EOS XY build direction

EOS (XY)
Heat Aging Avg. YS Avg. UTS Avg Elongation Density Hardness
Treatment Condition (Mpa) (MPa) (%) (g/cm3) (HV)

As Built Ohr 257 410 17.2 2.65 122
100hr 140°C 311 421 14.6 2.66 136

1000hr 140°C 237 350 14.9 2.66 111

100hr 177°C 218 325 16.0 2.65 110

1000hr 177°C 199 298 20.1 2.67 97

SR Ohr 163 249 20.4 2.65 79
100hr 140°C 170 252 23.8 2.66 90

1000hr 140°C 162 228 24.5 2.66 81

100hr 177°C 176 259 23.1 2.65 91

1000hr 177°C 189 278 23.1 2.53 91

HIP Ohr 89 136 28.1 2.66 51
100hr 140°C 92 137 36.0 2.64 48

1000hr 140°C 95 135 35.6 2.67 51

100hr 177°C 86 127 35.5 2.63 48

1000hr 177°C 82 120 41.5 2.66 46

T6 Ohr 263 315 12.8 2.62 109
100hr 140°C 291 330 10.2 2.62 113

1000hr 140°C 262 300 7.8 2.59 102

100hr 177°C 204 242 14.2 2.59 86

1000hr 177°C 104 150 17.8 2.58 55

HIP + T6 Ohr 216 275 184 2.66 59
100hr 140°C 301 348 15.1 2.67 119

1000hr 140°C 281 320 13.6 2.64 105

100hr 177°C 199 240 17.7 2.68 87

1000hr 177°C 113 165 26.3 2.67 59
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Table 7. Mechanical properties and related data for as built, SR, HIP, T6 and HIP+T6 on SLM XY build direction

SLM (XY)
Heat Aging Avg. YS Avg. UTS Avg Elongation Hardness
Treatment Condition (Mpa) (Mpa) (%) Density (g/cm®) | (HV)

As Built Ohr 295 412 13.1 2.65 133
100hr 140°C 283 392 11.8 2.65 130

1000hr 140°C 215 322 14.4 2.66 101

100hr 177°C 196 303 14.7 2.65 95

1000hr 177°C 188 285 16.5 2.67 93

SR Ohr 155 241 19.3 2.65 79
100hr 140°C 164 234 18.0 2.65 81

1000hr 140°C 148 226 21.4 2.65 74

100hr 177°C 163 245 19.7 2.65 80

1000hr 177°C 180 254 17.5 2.65 90

HIP Ohr 125 181 17.6 2.65 49
100hr 140°C 90 139 36.0 2.57 49

1000hr 140°C 95 137 32.6 2.66 49

100hr 177°C 88 129 35.7 2.56 47

1000hr 177°C 82 120 39.8 2.65 43

T6 Ohr 260 311 12.9 2.63 107
100hr 140°C 295 334 10.4 2.56 120

1000hr 140°C 258 297 8.9 2.61 108

100hr 177°C 197 235 14.1 2.59 81

1000hr 177°C 103 156 19.8 2.67 56

HIP + T6 Ohr 228 281 16.5 2.66 65
100hr 140°C 309 352 15.9 2.66 122

1000hr 140°C 286 326 13.9 2.67 111

100hr 177°C 210 247 14.3 2.66 89

1000hr 177°C 111 162 23.1 2.65 58

It should also be mentioned that the measured densities shown in Tables 4-7 vary from 2.53
g/cm? to 2.67 g/cm?, but this spread in measured densities does not appear to have any systematic
heat treatment basis and would appear to be primarily measurement error. There is
correspondingly no correlation between the measured densities and the associated mechanical

properties, including the micro indentation hardness. It might be noted that solution treatments of
AISi10Mg at 540 °C reduced the density as a result of diffusion of dissolved hydrogen and
increasing gas porosity in a study by Girelli, et al. [30]. However, there is no evidence of these

phenomena in the present study.

While Tables 4 to 7 provide a comprehensive matrix for design strategies and mechanical

property selection for LPBF-fabricated AlSi7Mg alloy products, the trending of properties,
particularly mechanical properties, are difficult to compare, even including the stress-strain
diagram comparisons shown in Figures 4 to 12. While it may seem overly redundant, we have
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prepared a series of comparative and systematic bar graph summaries illustrating the heat-
treatment regimens and corresponding aging treatments for AlSi7Mg alloy fabricated in both the
EOS and SLM LPBF systems, and in both the Z and XY loading directions, relative to the build
direction. These are shown in Figures 13 and 14. It is interesting to observe that these two
comparative figures, representing each LPBF system (EOS and SLM) are essentially templates
of one another; illustrating essentially the same trending as discussed extensively above. It can
also be noted that Figure 13 for the EOS system is a template for the same heat treatment
schedule trends determined for LPBF fabrication of AlISi10Mg alloy components reported in
Figure 5 of our previous article [24]. It is also observed that the as-built and as-built and aged
components in Figures 13 and 14 exhibit a reversed trend for YS and UTS versus elongation, in
contrast to HIP and aged components: higher YS and UTS exhibit lower elongations while lower
YS and UTS exhibit higher elongations.

It will be noted in retrospect that the Introduction in this study illustrated a range of prior
research work describing post-process heat treatments for LPBF fabrication of AISi10Mg alloy
components [11,15,17,18-20,24]. However, far fewer studies have been reported for AlSi7Mg
(F357) alloy [10,11]. Vanzetti, et al. [31] have recently described short heat treatments for F357
(AISi7Mg) alloy processed by LPBF, and involving T6 treatment and direct aging. They
observed an optimized yield stress of 308 MPa and an elongation of only 3.9 %; nearly 1/3 of the
present as-built elongations having similar yield stress values. Similarly, Fiocchi, et al. [32] in
their recent review of heat treatment of LPBF-fabricated aluminum alloys noted that thermal
treatment of AISi7Mg alloy actually reduced the as-built elongation from 7.6 % to 4.7 % at a
relatively constant yield stress of 257 MPa; less than half the elongation at the same yield stress
in the present study (see Tables 4 to 7). In a recent paper by Pezda [10] dealing with the
optimization of T6 heat treatment parameters of cast AlSi7Mg alloy where elongations increased
by 250 % at aging above 300°C; characteristic of HIP treatment and aging as shown in the
current study Correspondingly, there are few prior reports involving HIP of LPBF-fabricated
AlSi7Mg alloy. A recent study by Oliveira de Menezes, et al. [33] for LPBF fabrication of
AlSi7Mg alloy examined the effect of heat treatment parameters and loading orientation on the
tensile properties. This study pointed out that while there is a notable anisotropy in mechanical
properties between components built parallel and perpendicular to the build direction (Z), this
can be reduced or eliminated by heat treatment (such as T6 temper) as observed for numerous
other aluminum alloys [11-13, 22,24], as well as many other metals and alloys [34,35]. Indeed, it
is observed in the current study (Tables 4-7) that AlSi7Mg alloy components built in both the
EOS and SLM LPBF systems exhibit yield stress values (YS) in the Z (vertical) and XY
(horizontal) loading directions of 225 MPa and 263 MPa, and 257 MPa and 295 MPa,
respectively: an anisotropy of ~ 16%. However, after T6 treatment for example, the values
become 263 MPa for both directions in the EOS system, and 267 MPa and 260 MPa for the Z
and XY directions, respectively in the SLM system.
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Figure 13. Comparative bar graphs showing mechanical properties for F357 on EOS printer, under different aging conditions
for the different heat treatments and built in Z and XY orientation, a), d) Yield strength, b), €) UTS and c), f) Elongation; notice
strength decreases with aging in a), b), d) and e), while elongation increases in c) and f) for T6, HIP and HIP+T6.
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Figure 14. Comparative bar graphs showing mechanical properties for F357 on SLM printer, under different aging conditions
for the different heat treatments and built in Z and XY orientation, a), d) Yield strength, b), e) UTS and c), f) Elongation; notice
strength decreases with aging in a), b), d) and e), while elongation increases in ¢) and f) for T6, HIP and HIP+T6.
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4 SUMMARY AND CONCLUSIONS

This research program is a comprehensive investigation into the fabrication and heat treatment of
AlSi7Mg (F357) alloy using laser powder bed fusion (LPBF). Tensile specimens were fabricated
in the Z (build) and XY loading directions on two LPBF systems: EOS M290 and SLM 280HL.
The components underwent aging for 100 hours and 1000 hours at temperatures of 140°C and
177°C, respectively. Heat treatment processes included stress relief (SR1) anneal, hot isostatic
pressing (HIP), T6 treatment, and HIP + T6 treatment.

A total of 1660 measurements were conducted, including yield stress (YS), ultimate tensile
strength (UTS), elongation, and micro indentation hardness (HV). Density measurements were
also performed. The mechanical properties exhibited anisotropy between the Z and XY loading
directions for each LPBF system. For example, the unaged YS of EOS (Z) was 225 MPa, while
EOS (XY) had a YS of 257 MPa. Similarly, the unaged YS of SLM (Z) was 263 MPa, whereas
SLM (XY) had a YS of 295 MPa.

The highest YS values were consistently observed for the T6 treatment + 100-hour aging at
140°C. For example, the EOS (Z) and (XY) components had YS values of 291 MPa and 292
MPa, respectively. Similarly, the SLM (Z) and (XY) components had Y'S values of 292 MPa and
295 MPa, respectively.

The micro indentation hardness (HV) measurements were consistent with EOS (Z) and EOS
(XY) exhibiting hardness values of HV 120 and HV 122, respectively, while SLM (Z) and SLM
(XY) had hardness values of HV 122 and HV 133, respectively.

These findings demonstrate the influence of heat treatment and aging on the mechanical
properties of LPBF-fabricated AlSi7Mg (F357) alloy components, hence we can conclude the
following:

* Although only two different LPBF systems (EOS and SLM) were compared in this study, it
would appear that machine differences do not significantly alter AISi7Mg alloy products
produced, and any inhomogeneities and anisotropies are erased as a result of heat treatment,
especially HIP, T6 and HIP + T6 treatments.

* As-built AISi7Mg alloy products fabricated in the build (Z) direction varied in yield stress
from 225 MPa to 295 MPa in this study; with corresponding elongation variations 0f 7 % to 17
%. These properties reflect the most economical and process efficient strategy.

* While HIP treatment can produce a homogenized microstructure even without aging, the
resulting yield stress values were observed to vary from 85 MPa to 87 MPa for Z-direction
fabricated components; with corresponding elongations varying from 25 % to 31 %. The highest
elongation was observed for HIP + 1000 h aging at 177 °C: 42 %.

* Bar graph representations of the tensile properties (YS, UTS, elongation) for both the LPBF

systems heat treated and heat treated + aging (as shown in Figures 13 and 14) were templates of
one another.
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