amounts of feedstock powders were blended using a Turbula Model T2-F powder mixer
with a residence time of 1 hour. An approximate value for the full theoretical density of
each blend was determined by means of helium pycnometry (Micromeritics AccuPyc II
1340 Pycnometer). Each blend was assessed 10 times and average values calculated.
Flowability of each system was measured using a Carney flow meter. While the
development of measurements that measure “spreadability” for an AM context have been
researched [96], flow rate can be used as a predictor due to the similarity in physical
processes which occur in both flow and spreading [97]. The composite blends with AIN-
C additions did not flow through the orifice of the flow meter, indicating that
spreadability could be poor in the LPBF process.

Thermal diffusivity was measured using a NETZSCH LFA427 laser flash analysis (LFA)

apparatus and analyzed using NETZSCH Proteus software. Data on these basic physical

traits are shown in Table 15.

Table 15: Basic physical characteristics of powder blends.

Powder Blend Flow Rate (s/50g) Full Density (g/cm®) Thermal Diffusivity (mm?/s)

0%AIN 13.8 2.65 0.359 £0.021
5%AIN-C No flow 2.68 0.184 + 0.009
5%AIN-F 37.4 2.68 0.324+0.010
10%AIN-C No flow 2.71 0.183 £ 0.028
3.3 Methodology

Samples of each MMC system were fabricated by means of LPBF using an AconityMini
system (Figure 23) equipped with an ytterbium fiber laser (400 W max power, 1.07um
wavelength, Gaussian energy distribution). Layer thickness, spot size, and build plate
temperature were all held constant at 0.03mm, 0.08mm and 220°C, respectively. A
meander scan strategy was utilized with 90° rotation between layers. To limit oxidation,
all builds were executed under a high purity argon atmosphere. The measured oxygen

concentration was < 50 ppm in all instances. Powder was spread using a silicone blade
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that was vibrated at a fixed ultrasonic frequency of 180 Hz. Arrays of cuboidal specimens

were printed as shown in Figure 24.

Figure 23: Aconity 3D LPBF machine utilized for all builds.
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(©)

Figure 24: Schematics of the (a) cuboidal specimen geometry with scan strategy and the build plate
configurations utilized in (b) DOE-1 and (c) DOEs 2-3. Dimensions cited are in mm.

To assess the printing response of each blend, a design of experiments (DOE) concept
was implemented. This commenced with a central composite design (CCD) with the
intent of establishing the general effects of laser power, scan speed, hatch spacing, and
the overarching VED on part density. The level values for this DOE, so-called DOE-1,
are listed in Table 16. Ranges of 100-200W, 750-1250mm/s, and 0.05-0.15mm were
selected based on values established in literature as well as previous experience with the
AlSi10Mg alloy. Four specimens were built using the midpoint values for each parameter
for the purpose of determining the degree of variance based on uncontrolled factors such
as build plate position. The specific build parameters for 18 specimens are listed in Table
17. The build order was randomized to mitigate positional biases. Three builds were

executed using this structure with AIN-C contents of 0%, 5%, and 10%.

Table 16: Parameters investigated in DOE-1

Factor Level Values
Laser Power (W) 100 120 150 180 200
Scan Speed (mm/s) 750 851 1000 1149 1250
Hatch Spacing (mm) 0.05 0.07 0.10 0.13 0.15
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Table 17: Specific build parameters for DOE-1

Specimen P (W) v (mm/s) d (mm) VED (J/mm?)
1 120 851 0.07 67.1
2 180 851 0.07 100.7
3 120 1149 0.07 49.7
4 180 1149 0.07 74.6
5 120 851 0.13 36.2
6 180 851 0.13 54.2
7 120 1149 0.13 26.8
8 180 1149 0.13 40.2
9 100 1000 0.10 333
10 200 1000 0.10 66.7
11 150 750 0.10 66.7
12 150 1250 0.10 40.0
13 150 1000 0.05 100.0
14 150 1000 0.15 333
15 150 1000 0.10 50.0
16 150 1000 0.10 50.0
17 150 1000 0.10 50.0
18 150 1000 0.10 50.0

Once a set of conditions that minimized porosity for the ceramic blends was established,
a second general factorial DOE (so-called DOE-2) was run to more closely target optimal
processing values for laser power and scan speed. Table 18 lists the level values for
DOE-2. A range of laser powers from 180W-300W and scan speeds from 500-1250mm/s

was selected based on the results of DOE-1. Each of the twelve parameter combinations
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was duplicated, resulting in 24 cuboidal specimens of 0%AIN, 5%AIN-C, and 10%AIN-
C. The parameters from DOE-2 were then reused to evaluate a 5%AIN-F chemical
composition to study the effects of ceramic particulate size. This comparison was denoted
as DOE-3. All density and hardness data derived from DOEs 1-3 were analyzed using

MiniTab 19 statistical software.

Table 18: Parameters investigated in DOE-2 and DOE-3.

Factor Levels Level Values
Laser Power (W) 3 180 240 300
Scan Speed (mm/s) 4 500 750 1000 1250

Density measurements were completed per Archimedes principle, in accordance with
ASTM B962, using oil infiltration. For each specimen, 4 hardness measurements were
taken using the Rockwell E (HRE) scale (100kg load, /4 ball indenter) and averaged.
Once the optimal parameter set was derived from DOEs 1-3, rectangular samples with
dimensions 10 mm x 12mm x 75mm were fabricated and then machined into cylindrical
tensile specimens (build plate configuration shown in Figure 25). Two groups of 0%AIN
bars were fabricated: one was left as built (AB) and one was stress relieved (SR) at 285°C
for 2 hours before air cooling. An additional group of 5%AIN-F specimens were built and
subject to the SR cycle. Tensile tests were conducted using an Instron model 5594-
200HVL IMN load frame with a 50 kN load cell. Elongation was measured using an

Epsilon 3542 extensometer. The specimens were loaded at a rate of 5SMPa/s until fracture.
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Figure 25: Build plate configuration used for tensile specimens.

Specimens for microscopy were sectioned in their respective planes using a diamond saw
blade and mounted in a conductive Bakelite. All mounts were ground with a 240-grit
silicon carbide paper on a Struers Tegramin 20 auto polisher, then polished using a series

of abrasive suspensions. When required, etching was completed using Keller’s reagent.

Optical images of all samples were taken using a Keyence VK-X1000 laser confocal
microscope. SEM images of all powders, density cuboids, and tensile fracture surfaces

were obtained using a Hitachi S-4700 SEM.

3.4 Results and Discussion

3.4.1 General Effects of Process Variables (DOE-1)

An analysis of variance (ANOV A) was utilized to measure the standardized effects of
key process parameters and their interaction effects as they pertain to density. A
confidence interval of 90% (a. = 0.1) was selected to define significance. A measure of

standardized effects for 0%AIN, 5%AIN-C, and 10%AIN-C blends are listed in Figure
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Figure 26: Standardized effects of process variables on density (o = 0.1) for (a) 0%AIN, (b)
5%AIN-C, and (c) 10%AIN-C
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Figure 32: SEM images and accompanying EDS maps of a 5%AIN-F specimen.

To examine the effect of ceramic particle size on component density and hardness, results from
the 5%AIN-F specimens were compared to the 0%AIN and 5%AIN-C specimens from DOE-2.
Figure 33 shows the relation between density and hardness as a function of VED for the 0%AIN,
5%AIN-C, and 5%AIN-F materials as determined by a fitted regression model. Despite lower
density, hardness of the two MMCs remained higher in the established optimal range of 60-
80J/mm?; residual porosity in this range was not as detrimental to the hardness as the ceramic
additive was beneficial. Differences between the fine and coarse ceramic additive were not

substantial.
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Figure 33: Density (a) and hardness (b) results from DOEs 2-3.

Owing to improved density, higher hardness, and improved flowability (Table 15), the
5%AIN-F formulation was selected for comparison with the 0%AIN base alloy for tensile
testing. As the maximum hardness and density for both formulations were achieved with

P =240W and v = 1000mm/s, these parameters were selected for tensile builds.
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3.4.4 Tensile Testing

Tensile bars, as well as cuboidal specimens for microstructural examination, were printed
using the optimized parameters from DOE-2 and DOE-3 (240W, 1000mm/s). Physical
and mechanical properties of these specimens in the as-built and stress-relieved
conditions are listed in Table 21. Notably, densities of the tensile bars were observed to
be marginally lower than the cuboids produced in DOEs 2 and 3. As these bars were
larger than the cuboids, longer laser exposure times were required which led to
significant spatter, increasing the roughness of the previous layer upon coating. This
coupled with a very different heat flow was believed to be responsible for the observed

density differences.

Results showed a beneficial response to the stress-relief cycle (285°C for 2 hours). A
172% increase in ductility was observed in the 0%AIN specimens, while UTS and YS
decreased by 6% and 17%, respectively. In comparison, the 5%AIN-F composite
exhibited similar YS and UTS to the 0%AIN specimen despite having a measurably
lower density of 97.1% as compared to 98.6% for the AIN-free counterpart. Figure 34

shows the stress-strain relation for the three sets of specimens tested.

It is important to note that mechanical properties were measured orthogonal to the build
direction, and mechanical anisotropy is possible due to potential epitaxial grain growth in
the build direction as layers are added. A common consequence of LPBF processing is
the re-melting of previously deposited layers, and the high thermal gradients and cooling
rates can cause epitaxial growth which may span multiple layers [107]. Substantial
differences in ductility have been observed in LPBF-processed AISi10Mg between the
XY and Z directions because of this phenomenon [108]. Further investigation will be
required to determine the effects of ceramic addition and stress relief on these properties

in the build direction.
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Table 21: Tensile testing results

Specimen ID  Condition p (%) E (GPa) UTS (MPa) YS (MPa) €max (%)
0%AIN AB 98.1+0.7 63 + 4 300 +£22 208 +£5 29+1.0
0% AIN SR 98.6 0.6 58+3 281 +5 173 £2 7.9+0.9

5%AIN-F SR 97.1+1.0 64+3 278 +7 177 +2 59+1.2
400
e
©
o Specimen
2 200 e )
> ——0%AIN - AB
(7]
(] —0%AIN - SR
i
v 100 -~ 5%AIN-F - SR
0
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Figure 34: Stress-strain curves for “best case” tensile specimens

AM processes such as LPBF can impart thermally induced residual stresses in materials.
These residual stresses can be mitigated by holding the build plate at elevated temperatures
to reduce thermal gradients and thus residual stresses [24]. With a build plate temperature
>200°C, residual stresses in LPBF-manufactured AISil0Mg have been reduced to
negligible levels [109]. Thus, since all tensile specimens were built with a build plate
temperature of 220°C, the improvement in ductility is expected to be driven by

microstructural changes rather than from relief of thermally induced stresses.

Figure 35 shows the microstructure of the as-built and stress relieved 0%AIN and

5%AIN-F in closer detail. Here, notable differences in the microstructure were
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manifested through application of the post-build stress relief. One pertained to the
eutectic network of silicon particles. In the as-built condition, the fibrous silicon network
is fine and primarily connected. As a result of the stress relief cycle, the morphology of
this network coarsened and connectivity was decreased. This silicon network has a
known load bearing effect [106], and the globularization of silicon and eventual
breakdown of this region is the expected cause of the reduced tensile strength and
increased ductility post-build heat treatment. Additionally, Si precipitates are observed to
form within the a-Al matrix. Compared to the 0%AIN specimen, the addition of 5%AIN-
F does not appear to disrupt this network and appears to be completely distinct from the
underlying microstructure. The interface between the AIN particulates pictured in images

e-h is devoid of any cracking.

Another observable difference between the as-built and stress-relieved conditions of both
0%AIN and 5%AIN-F specimens is the introduction of submicron dark regions. The
reintroduction of voids has been observed in AlSi10Mg AM following T6 heat treatment
[110] although the stress relief temperature is lower in this case. Porosity can be relieved
using a hot isostatic press (HIP), but these pores are comparatively small and not
expected to be detrimental due to their small size relative to pores introduced in the AM

process.
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F.
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3.5 Conclusions

Through completion of the work detailed in this study, the following conclusions have been

reached:

DOE-1 showed that, under the parameters investigated, laser power was the most
significant variable in terms of specimen density. Poor consolidation was
observed with laser powers below 150W regardless of the total VED employed.
The prevalence of irregular LOF pores increased in both quantity and size outside
of the optimal VED range in DOE-1.

From DOE-2, the optimal range of VED was determined to be 60-80 J/mm? for
all chemistries, although increased laser absorptivity in the MMCs suggested a
lower power and scan speed while remaining in this VED range could prove
beneficial.

In DOE-3, 5%AIN-F specimens were successfully built with p > 98.5%
Comparing the 0%AIN and 5%AIN-F specimens built using the optimized
parameters (P=240W, v=1000mm/s, d=0.10mm), an increase in gas porosity was
observed in the MMC specimens. The cause of this is believed to be the lower
thermal diffusivity in the MMC powder bed, leading to higher localized
temperatures and thus increased vaporization.

Tensile testing showed a positive response in elongation in the A1Si10Mg alloy
following a stress-relief heat treatment, at the expense of YS and UTS.

Despite lower density, the stress-relieved MMC demonstrated YS and UTS
comparable to the stress-relieved AlISi10Mg.

Both 0%AIN and 5%AIN-F chemistries exhibited the same microstructural

response to heat treatment in the globularization of the Si rich phase
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4. SUMMARY AND CONCLUSIONS

The objective of this work is to examine the performance of admixed aluminum nitride as
an additive to AIS110Mg and its effect on the processability of this alloy using laser
powder bed fusion. Due to scarcity of work specific to this AMC system in open

literature, this study serves as a preliminary parametric analysis to be built upon.

4.1 Physical Powder Characteristics

One of the challenges to aluminum LPBF is overcoming poor powder flowability.
Introducing a ceramic additive to the feedstock exacerbates this challenge due to the
mismatch in powder morphology. Although the 5%AIN-F blend proved to have improved
powder flowability in preliminary testing over the 5%AIN-C blend, spreadability of the
MMC blends was observed to be poorer than the AISi10Mg powder on its own.

4.2 Effects of Process Variables

A design of experiments (DOE) approach was strategically used to measure the effects of
multiple LPBF processing parameters (laser power, scan speed, and hatch spacing) on the
consolidation of AlISi10Mg and to identify any variations in these requirements as a result
of the AIN additive. Across the parameter set, a minimum laser power of 150W was
required to successfully consolidate components for all chemistries examined. An ideal
processing window of 60-80J/mm3 was determined using a polynomial regression fit to

the density results of all chemistries tested.

There were two notable responses from the AMC builds that differed from 0%AIN.
Firstly, the increase in porosity outside of the optimized processing window was more
prevalent as AIN content increased. This observation held true for both the high VED
(keyhole melting) and low VED (insufficient fusion) cases. Secondly, a shift in the
processing window towards lower powers and scan speeds was observed. At these
parameters, LOF porosity which was observed in the 0%AIN specimens was eliminated.
Although the resulting density was comparable due to other sources of porosity such as

gas pores, LOF porosity was successfully eliminated with lower power requirements,
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owing to the higher absorptivity of AIN and the lower thermal diffusivity of the MMC
blends.

4.3 Matrix-Ceramic Interface

The most desirable mechanical properties of AMCs require excellent bonding between
the ceramic particulate and aluminum alloy matrix. EDS mapping showed the expected
chemical stability of the AIN throughout the melting process, indicating that melt pool
temperatures were low enough to prevent melting of the ceramic. The good dispersion of
ceramic within the microstructure, as confirmed by optical microscopy, indicates a good
wetting response between molten aluminum and AIN, as particulates were not rejected by
the solidifying front. This is a typical challenge with ex situ MMC fabrication methods,

which tend to be less complex than forming ceramics as a reaction product in situ.

However, ceramic addition did not successfully translate to improved mechanical
properties. This may be a function of low density in the 5%AIN-F tensile bars compared
to both the 0%AIN counterpart and previous density cuboids subjected to the same
conditions. Reducing laser power and scan speed may be necessary for larger
components such as tensile bars as the spatter associated with higher power can
contribute to an uneven surface, as well as inconsistency in part density based on build

location.

4.4 Future Work

As this research was the beginning of the group’s research into AMCs manufactured

using AM technologies, there is potential for continued studies.

1. Further optimization to assess the build response to other parameters such as layer
height, scan strategy, and build plate temperature

2. Due to time and material constraints, mechanical properties of the base alloy and
AMCs were only measured perpendicular to the build direction. These properties

should also be measured parallel to the build direction, as mechanical anisotropy
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can be problematic in aluminum AM due to columnar grain growth that may span
multiple layers.

Electron back scatter diffraction (EBSD) can be utilized to determine the
aluminum nitride’s functionality as a grain refiner.

An examination of the 5%AIN-F fracture surface to determine the failure
mechanism for this specimen

Tribological assessment of the 5%AIN-F composite, specifically to measure wear

resistance, should be pursued.
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