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ABSTRACT 
 

AlSi10Mg is an aluminum alloy widely utilized in additive manufacturing (AM) due to 
its favorable response to processing and high strength-to-weight ratio. However, its 
stiffness, thermal conductivity, and thermal stability are insufficient for certain 
applications. To address these limitations, researchers have investigated the incorporation 
of controlled levels of ceramic particulate into the alloy. This study focuses on the 
influence of aluminum nitride (AlN) additions on the processability of AlSi10Mg using 
laser powder bed fusion. A design of experiments (DOE) approach was employed to 
analyze the effects of various parameters, including AlN concentration, laser power, scan 
speed, and hatch spacing, on the density of the final parts. The study established an 
effective processing window and used favorable parameter combinations to fabricate 
additional specimens for a comprehensive assessment of microstructure, matrix/ceramic 
interfaces, mechanical properties, and thermal properties. 

An initial central composite design (CCD) revealed that laser power had the most 
significant impact on specimen density among the investigated parameters. Poor 
consolidation was observed when the laser power was set at or below 150W, regardless 
of the total volumetric energy density (VED). The occurrence of irregular lack of fusion 
(LOF) pores increased in terms of quantity and size outside the optimal VED range. An 
additional DOE demonstrated that the optimal VED range for all chemistries was 60-80 
J/mm3. However, for metal matrix composites (MMCs) with increased laser absorptivity, 
operating at a lower power and scan speed within this VED range could be advantageous. 

A comparison between 0% AlN and 5% AlN-F specimens, fabricated using optimized 
tensile parameters (Laser power = 240W, scan speed = 1000mm/s, hatch spacing = 
0.10mm), revealed increased gas porosity in the MMC specimens. This is attributed to 
the lower thermal diffusivity in the MMC powder bed, resulting in higher localized 
temperatures and increased vaporization. Tensile testing indicated improved elongation in 
the AlSi10Mg alloy following a stress-relief heat treatment, although yield strength (YS) 
and ultimate tensile strength (UTS) were compromised. Despite lower density, the stress-
relieved MMC demonstrated YS and UTS comparable to those of the stress-relieved 
AlSi10Mg alloy. 
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1. INTRODUCTION 
 

Metal additive manufacturing (AM) is an innovative technology through which 

components are manufactured in a layer-by-layer manner from a metallic feedstock. 

These technologies are commonly referred to as “3D printing” technologies [1]. Initially 

conceptualized for the manufacture of rapid, non-structural prototypes, metal AM has 

evolved into an application capable of building unique structural components with 

improved characteristics over traditionally manufactured counterparts [2]. Metal AM 

methods are particularly interesting due to the levels of intricacy and dimensional 

accuracy achievable in finished components as compared to traditional processing 

methods, such as casting, forging, and extrusion [3], where extensive post-process 

machining is often required. AM technologies are capable of manufacturing materials 

with complex geometries [4] [5], such as walls thinner than technologically feasible 

through casting, and conformal cooling channels, which can be built in AM processes as 

a single component [5].  
 

Sectors such as aerospace [6], automotive [7], and defence [8] have taken steps to 

introduce metal AM into their end products. Lightweight designs that metal AM can 

accommodate are beneficial in these applications to reduce weight and improve fuel 

efficiency. Other benefits include lead-time reduction, improved performance, and 

component consolidation [6]. 

 

While the benefits of metal AM as a prototyping technology have been well-established, 

there are still several challenges to overcome before widespread adoption of AM parts as 

critical components can be expected. Quality assurance is a significant hurdle as AM 

technologies are relatively new and all manufacturing processes must be fully understood 

before use for critical components [6] to avoid unpredicted failure.  

 

Another challenge is the development and expansion of feedstock materials compatible 

with AM processes. A focus of AM research is to investigate powders with 

https://paperpile.com/c/KJH16c/wfxTa
https://paperpile.com/c/KJH16c/AH89n
https://paperpile.com/c/KJH16c/gZNSK
https://paperpile.com/c/KJH16c/yT5DG
https://paperpile.com/c/KJH16c/6MkxM
https://paperpile.com/c/KJH16c/6MkxM
https://paperpile.com/c/KJH16c/aqNBK
https://paperpile.com/c/KJH16c/VDqAm
https://paperpile.com/c/KJH16c/6wEGW
https://paperpile.com/c/KJH16c/aqNBK
https://paperpile.com/c/KJH16c/aqNBK
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characteristics compatible with AM processes and applications [9], such as laser powder 

bed fusion (LPBF) which is a leading metal AM technique that uses a powder feedstock. 

 

One of the most challenging alloy systems to accommodate in metal AM is aluminum. 

Aluminum is one of the most widely used alloys in industry, second only to steel [10], 

and its alloys are of high demand in aerospace and automotive applications[5] due to its 

lightweight with an excellent strength-weight ratio, ductility, corrosion resistance, and 

electrical and thermal conductivity [11]. However, the surface oxide layer that readily 

forms with aluminum, which contributes to its corrosion resistance, is also a challenge in 

its translation to AM, due to the high melting point of the layer [5]. Additionally, the high 

thermal conductivity and reflectivity of aluminum alloys necessitates a higher laser 

energy and can invoke challenges in process robustness. 

 

This chapter will outline the important AM technologies used in the processing of 

aluminum alloys. It will discuss the commercially relevant aluminum cast and wrought 

alloys and the development of new aluminum alloys specific to AM. This will necessitate 

a discussion into the challenges of accommodating aluminum alloys to AM and the 

research that has been done to improve the microstructure and mechanical properties of 

these alloys. 

1.1 Laser Powder Bed Fusion AM  

Laser powder bed fusion (LPBF), also referred to as selective laser melting (SLM), is a 

versatile AM process, successfully adapted to multiple alloy systems [2]. LPBF is a 

layer-by-layer process where each iteration begins with the spread of powder from a 

static bed onto the build surface using a re-coater. An incident laser beam then melts the 

powder. The laser focal point is rastered using mirrors driven by a galvanometer [2] in a 

pattern derived from a 3D computer aided design (CAD) model of the intended product. 

Through this interaction, a small melt pool forms and then rapidly solidifies as the laser 

moves away. The build platform is lowered by a predetermined height, allowing a new 

layer of powder to be spread over the surface. This sequence is repeated until the 

https://paperpile.com/c/KJH16c/J1DoB
https://paperpile.com/c/KJH16c/6A3V5
https://paperpile.com/c/KJH16c/6MkxM
https://paperpile.com/c/KJH16c/ROQG5
https://paperpile.com/c/KJH16c/6MkxM
https://paperpile.com/c/KJH16c/AH89n
https://paperpile.com/c/KJH16c/AH89n
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component is built to its final dimensions. Support structures may be built concurrently 

with the component. Due to combustibility of some metal powders and their tendency to 

oxidize, the build chamber is invariably inertized. Figure 1[12] shows the configuration 

of a typical LPBF process. 

 

 
Figure 1: Laser powder bed fusion (LPBF) configuration [12] 

Due to extreme localized temperatures over a small surface area, the cooling rate of the 

melt pool in AM is much faster than in casting. Finite element modelling has shown that 

an aluminum alloy melt pool experiences cooling rates of 106 K/s [13], compared to 100 - 

102 K/s for most castings [2] and 102- 104 K/s in laser directed energy deposition (L-

DED) processes [14]. As such, LPBF products exhibit finer microstructures compared to 

other manufacturing methods.   

 

LPBF-manufactured parts have good surface finish and high dimensional accuracy [2]. 

Since parts are near net-shape and unused powder can be recycled, LPBF efficiently uses 

material, which can lead to savings especially with high-cost powders [5]. However, a 

key limitation of LPBF is build time. Relative to other metal AM processes such as L-

DED and binder jetting, LPBF requires the longest build times, although multi-laser 

systems have been successfully introduced to market to improve build rates [3].  

 

https://paperpile.com/c/KJH16c/OsQ9J
https://paperpile.com/c/KJH16c/4cyx0
https://paperpile.com/c/KJH16c/AH89n
https://paperpile.com/c/KJH16c/GMzbv
https://paperpile.com/c/KJH16c/AH89n
https://paperpile.com/c/KJH16c/6MkxM
https://paperpile.com/c/KJH16c/gZNSK
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In LPBF, several parameters may be adjusted to optimize build properties. Table 1 [15] 

lists many of the processing parameters that can be adjusted, as well as the material 

properties that can be modified to improve processability. 
  

Table 1: Machine and material parameters for LPBF [15] 

Processing parameters Material properties 

Laser power Viscosity 

Scan rates Surface tension 

Atmospheric control Particle size and distribution 

Gas flow Particle shape 

Heaters (bed temperature) Absorptivity/reflectivity 

Laser type Thermal conductivity 

Scan radius Specific heat 

Scan vector length Emissivity 

Scan spacing Melting temperature 

Thickness of layers Component ratio 

Machine (specific type) Chemical composition 

 

1.1.1 Machine Parameters 

Interactions between an incident laser beam and the powder bed can be classified by a 

series of melting modes, including heat conduction melting (HCM) and deep-penetration 

melting (DPM) [16]. While DPM, or “keyhole” melting, is desirable in laser processes 

such as welding, keyholes add to the porosity of an AM component, risking a decrease in 

mechanical properties. For quality assurance purposes, and to maximize mechanical 

properties, porosity must be minimized. In certain instances, correlations between an 

abundance of porosity and lower elongation to failure have been demonstrated [17], as 

well as a reduced fatigue strength and Young’s Modulus [18]. 

https://paperpile.com/c/KJH16c/X0Be0
https://paperpile.com/c/KJH16c/9dy3B
https://paperpile.com/c/KJH16c/YHiUi
https://paperpile.com/c/KJH16c/wSNlT
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The melting mode is dependent on the energy input to the powder bed [19], which can be 

described mathematically using multiple processing parameters. In one approach, laser 

power (P), scan speed (v), hatch spacing (h), and layer thickness (d) determine the 

volumetric energy density (VED) input, as per Equation 1 [20]: 
 

 
( 1 ) 

Subject to powder properties for each unique material, a processing window can be 

identified to determine process parameters that contribute to a melting mode which 

optimizes density. If energy density is too low, insufficient melting will cause lack of 

fusion (LOF) porosity, characterized by an irregular shape, due to insufficient bonding 

between the incident layer and the previous layer. Although mechanical properties such 

as ultimate tensile strength (UTS) and elongation can be maintained with small LOF 

pores, these properties degrade significantly as pore size increases [21]. Increases in laser 

power and decreases in scan speed contribute to larger melt pools and thus higher melt 

pool overlap and fewer LOF defects [2]. High energy densities lead to DPM and 

subsequent keyhole porosity [16], as well as excessive vaporization of alloying elements 

with low boiling points (e.g., Mg, Zn). 

 

While VED is useful as an estimate, processing parameters within this equation have 

their own distinct impacts. Read et al. [22] studied this using a systematic approach to 

characterize pore formation by varying each parameter in equation (1) individually, 

observing that variance in laser power and scan speed had a more prevalent effect on part 

porosity than hatch spacing. Layer thickness is dependent on powder particle size, but 

typically ranges from 20-60 µm [23]. 

 

High temperature gradients between the build plate and melt surface can lead to the 

accumulation of thermally induced residual stresses, causing distortion within the 

component or sections of it [24]. Maintaining a build plate temperature can act as an in 

https://paperpile.com/c/KJH16c/ZCfsE
https://paperpile.com/c/KJH16c/BVlyS
https://paperpile.com/c/KJH16c/8aSF
https://paperpile.com/c/KJH16c/AH89n
https://paperpile.com/c/KJH16c/9dy3B
https://paperpile.com/c/KJH16c/8za92
https://paperpile.com/c/KJH16c/id5YV
https://paperpile.com/c/KJH16c/MiUfs
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situ stress relief, potentially to a level that reduces the need for a post-build heat treatment 

and/or mitigating the risk of quench cracks. However, reduction of temperature gradient, 

and therefore solidification rate, can lead to a somewhat coarsened grain structure and 

reduced mechanical properties. Buchbinder et al. [24], however, demonstrated that with 

the AlSi10Mg alloy, a common AM alloy, preheating the build plate to 250℃ reduced 

distortions beyond detectable levels while keeping hardness greater than the requirement 

for die-cast parts of this alloy. 

1.1.2 Powder Parameters 

Powders for LPBF typically range from 10-60 µm [25] and have spherical morphology. 

Gas atomization is a common technique to form spherical powders from a molten metal 

feedstock. The degree of sphericity may be improved using atomization techniques with 

higher temperature gradients. Examples include rotary atomization (RA) and plasma 

rotating electrode processing (PREP) [2]. However, these processes come with higher 

costs which can be problematic as powder procurement is one of the larger factors 

inherent to the economics of metal AM[26]. 

 

Figure 2 [25] illustrates the key measurements that, from a material perspective, affect a 

powder’s performance in an LPBF system. Size distribution is essential to strike a 

balance between flowability and detail intricacy. In this sense, fine powders have lower 

minimum layer thicknesses which allow for finer features but cause issues with 

flowability due to higher interparticle frictional forces.  

 
Figure 2: Key powder characteristics in LPBF [25] 

https://paperpile.com/c/KJH16c/MiUfs
https://paperpile.com/c/KJH16c/VA6ox
https://paperpile.com/c/KJH16c/AH89n
https://paperpile.com/c/KJH16c/caoB8
https://paperpile.com/c/KJH16c/VA6ox
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Boley et al. [27] have modelled the influence of powder characteristics for a variety of 

metals on laser absorption of the bed in laser AM processes.  Findings showed that 

scattering between powder particles increased laser absorptivity compared to a flat 

substrate of the same material. Fine powders provide a large irradiation surface area, 

which improves laser absorption and results in an increased melt pool temperature [28].  

 

Powder flowability is essential in LPBF to provide a homogeneous powder surface on the 

build plate. Flowability is measured with a Hall Flow meter [29] or, in the case of poor-

flowing powders, a Carney flow meter with a larger orifice diameter. While 

characterizing powders with the former is standardized for metal AM, other 

measurements have been proposed that may better indicate whether a powder is suitable 

in powder bed processes.  

 

Spherical particles are optimal to promote flowability as irregular powder particles tend 

to interlock, which inhibits flow. Optimal LPBF favors a densely packed, homogeneous 

powder bed to reduce porosity and surface roughness [19]. In addition, an appropriate 

particle size distribution allows for higher packing density as fine particles fill the spaces 

between larger particles.  

1.2 Aluminum AM 

1.2.1 Aluminum Alloys in AM 

Pure aluminum has advantageous properties such as corrosion resistance, ductility, and 

good thermal/electrical conductivity [11]. However, it is not useful in high temperature 

applications due to its low melting point (660℃). Several cast and wrought aluminum 

alloy series are prevalent in industry, some of which have been designed or repurposed to 

meet the specific challenges faced in aluminum AM. 

1.2.1.1 Aluminum-Silicon-Magnesium Alloys 

In casting alloys, aluminum is alloyed with elements that promote fluidity, high strength, 

and corrosion resistance [11]. Silicon is the most commonly used alloying element in 

https://paperpile.com/c/KJH16c/fK93D
https://paperpile.com/c/KJH16c/EFNC4
https://paperpile.com/c/KJH16c/aoYff
https://paperpile.com/c/KJH16c/ZCfsE
https://paperpile.com/c/KJH16c/ROQG5
https://paperpile.com/c/KJH16c/ROQG5
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these scenarios as it improves fluidity [30] and reduces shrinkage, while concurrently 

lowering the coefficient of thermal expansion (CTE) [31]. Magnesium is often added to 

aluminum-silicon alloys to improve the strength characteristics of the alloy. However, 

due to the volatilization of magnesium at high temperatures [9] and its propensity to form 

a high melting point surface oxide [5], magnesium is typically added in small 

concentrations. 

 

Most research done on AM of casting alloys pertains to AlSi10Mg. This alloy has high 

demand in aerospace and automotive applications due to its low density, reduced CTE, 

and good mechanical properties [22]. It also has a composition close to the eutectic point 

of the phase diagram in Figure 3 [32], which narrows the temperature range over which it 

solidifies. Magnesium additions (0.3-0.5%) facilitate age hardening via the formation of 

intermetallic Mg2Si [33]. The microstructure of the alloy can be seen in Figure 4, with Al 

dendrites surrounded by a secondary phase [5]. Microstructural differences between cast 

and additively manufactured aluminum exist due to the difference in solidification rate. 

Consequences of this rate increase include finer grain sizes, reduction in dendritic 

growth, and increases in solid solubility of alloying elements in the aluminum matrix 

[34]. 

 

 
Figure 3: Aluminum-silicon binary phase diagram [32] 

https://paperpile.com/c/KJH16c/HuMA1
https://paperpile.com/c/KJH16c/sKmq3
https://paperpile.com/c/KJH16c/J1DoB
https://paperpile.com/c/KJH16c/6MkxM
https://paperpile.com/c/KJH16c/8za92
https://paperpile.com/c/KJH16c/sw6fk
https://paperpile.com/c/KJH16c/ZS0Wr
https://paperpile.com/c/KJH16c/6MkxM
https://paperpile.com/c/KJH16c/nDOsz
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Figure 4: Microstructure of AM AlSi10Mg [5] 

Figure 5 [32] is a schematic of three general zones of microstructures that form as the 

laser melts material in powder bed fusion of the AlSi10Mg alloy. At the top, a fine 

microstructure is generated due to the rapid cooling of material at the liquid-atmosphere 

interface. Fine, equiaxed grains are the ideal structure for strengthening due to the 

number of grain boundaries which resist dislocation motion and crack propagation [35], 

while maintaining mechanical anisotropy. In the zone below, the temperature is 

maintained between the solidus and liquidus temperature due to thermal conduction. Liu 

et al. theorize that these coarse zones are formed on the formation of the next layer of 

material when the section is heated to the “mushy zone” (between solidus and liquidus 

temperature). The heat affected zone (HAZ) undergoes solid state heating. This allows 

for the precipitation of elements out of the primary metal matrix. 

https://paperpile.com/c/KJH16c/sw6fk
https://paperpile.com/c/KJH16c/FBztL
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Figure 5: Microstructure as function of depth in laser melting [32] 

Mechanical properties of AM AlSi10Mg alloys compared to its cast counterpart are listed 

in Table 2 [36]. Ductility was improved in all the additive manufactured alloys, and many 

had greater yield strength (YS) and UTS than the cast counterpart. Krishnan [37] 

investigated the effect of heat treatment, and found ductility can be increased to 12.6%, at 

the expense of YS and UTS. One caveat is the potential for mechanical anisotropy of AM 

parts leading to a difference in ductility in the longitudinal and build directions, the latter 

having poorer ductility [2]. 

  

https://paperpile.com/c/KJH16c/JuCTT
https://paperpile.com/c/KJH16c/OVfer
https://paperpile.com/c/KJH16c/AH89n
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Table 2: Mechanical properties of cast and LPBF AlSi10Mg [36] 

Process 

Reported 

by Condition Microstructure Direction 

YS 

(MPa) 

UTS 

(MPa) 𝛆𝛆 (%) 

Cast 

EN 1706 

[38]  AB -- -- 140 240 1 

LPBF 

Manfredi et 

al. [39] AB 

Fine cellular-

dendritic Build 230 ± 5 328 ± 4 6.2 ± 0.4 

    Orth. to Build 240 ± 8 330 ± 4 4.1 ± 0.3 

 

Krishnan 

[37] HT (530℃/5h/FC) -- – 72 ± 7 113 ± 3 12.6 ± 0.9 

  T4 -- – 131 ± 9 227 ± 4 6.9 ± 0.8 

  T6 -- – 245 ± 8 278 ± 2 3.6 ± 0.8 

 

Schmidtke 

et al. [40] AB -- – 275 340 8 

 

Kempen et 

al. [41] AB 

Al cells/dendrites 

decorated with Si Build – 396 ± 8 3.47 ± 0.6 

    Orth. to Build – 230 ± 5 5.55 ± 0.4 

 

Read et al 

[22]. AB -- Build 250 340 1.3 

    Orth. to Build 230 315 1.05 

 

Buchbinder 

et al. [42] AB Dendritic Build -- 360 -- 

    Orth. to Build -- 420 -- 

 

In LPBF, thermal stresses are introduced by rapid solidification from the high 

temperatures induced by laser melting [43]. As such, stress-relief heat treatments are used 

to improve ductility in AlSi10Mg AM parts. However, the temperature for stress relief 

must not reach the alloy’s recrystallization temperature and can have negative effects on 

UTS. In other situations, the build plate may be heated to reduce the thermal gradient. 

While this can lessen residual stress, it is not eliminated from the manufactured 

components. 

 

https://paperpile.com/c/KJH16c/XyhBk
https://paperpile.com/c/KJH16c/iXtxd
https://paperpile.com/c/KJH16c/OVfer
https://paperpile.com/c/KJH16c/WyZ1b
https://paperpile.com/c/KJH16c/qrjsE
https://paperpile.com/c/KJH16c/8za92
https://paperpile.com/c/KJH16c/Wr5Sm
https://paperpile.com/c/KJH16c/3OuXL
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Table 3 [44] lists the typical tensile properties of AlSi10Mg following common heat 

treatment cycles. In the as-built (AB) state, UTS and YS are maximized but ductility, or 

elongation (ɛ), is poor. Stress-relief (SR) is performed by heating to 285℃ and holding 

for 2 hours, allowing for reallocation of stresses, resulting in increased elongation at the 

expense of YS and UTS. T6 heat treatment can have a transformational effect on the 

dendritic microstructure of AlSi10Mg, where the fine microstructure is lost and a 

globular second phase of silicon is formed [5].  Hot isostatic pressing (HIP) combined 

with a T6 treatment (solutionizing heat treatment at 530℃ for 6 hours, water quenched, 

and aged at 160℃ for 6 hours) [44], can improve ductility. 

 
Table 3: Typical finished part properties for AM AlSi10Mg specified by ASTM International 

[44] 

Material Condition YS (MPa) UTS (MPa) 𝛆𝛆 (%) 

AB 413 220 4 

SR 241 138 10 

T6 345 207 5 

HIP + T6 276 207 10 

 

1.2.1.2 Aluminum-Silicon 

Another common casting alloy that has been effectively translated to AM is AlSi12, an 

alloy that solidifies very close to the eutectic composition of the Al-Si binary (11.7% Si). 

Figure 6 [45] shows three micrographs of an AlSi12 AM microstructure, increasing in 

magnification. In a), the laser raster path can be seen, as well as melt pool boundaries 

formed during building. On the right, the microstructure is most refined due to the high 

solidification rates in LPBF. Along the grain boundaries, silicon rich areas with an 

elongated cellular structure are visible [36], these areas being the last to solidify with the 

most grain growth. Marola et al. showed that specimens solidified via LPBF had silicon 

solid solubility up to 4 at % in aluminum compared to other rapid solidification processes 

such as copper mold casting (2 at %) and melt spinning (1 at %) [46]. This result shows 

https://paperpile.com/c/KJH16c/ocDhX
https://paperpile.com/c/KJH16c/6MkxM
https://paperpile.com/c/KJH16c/ocDhX
https://paperpile.com/c/KJH16c/okAgA
https://paperpile.com/c/KJH16c/JuCTT
https://paperpile.com/c/KJH16c/oHytA
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the potential increases in strength possible due to solid solution strengthening higher than 

typically possible in casting processes. Table 4 [36] shows a similar increase in 

mechanical properties for the AlSi12 alloy as seen in Section 4.1.1 with the AlSi10Mg 

alloy.  

 
Figure 6: Microstructure of LPBF-processed AlSi12 when viewed at increasing magnifications 

[45] 

 

Table 4: Mechanical properties of cast and LPBF AlSi12 [36] 

Process Reported by Condition Microstructure YS (MPa) UTS (MPa) 𝛆𝛆 (%) 

Cast EN 1706 As-Cast Eutectic 130 240 1 

LPBF Prashanth et al. [45] AB 

Cellular ꭤ-Al w Si 

at Boundaries 260 380 3 

 

1.2.1.3 Aluminum-Copper 

Copper is another strengthening element added to these alloys which does not vaporize at 

relatively low temperatures. Aluminum-silicon-copper casting alloys have also been 

investigated for AM purposes, specifically AlSi9Cu3 [47]. This alloy is used in 

automotive applications due to its excellent strength-weight ratio, as well as its 

weldability and castability [48]. Figure 7 compares the mechanical properties of this alloy 

along the x-direction (a) and the z-direction (b) with various heat treatments. The 

anisotropy of the microstructure only has a significant impact on the ductility, while the 

yield strength and UTS are unaffected. The graph also shows how heat treatment can be 

used to improve the ductility of the AlSi9Cu3 alloy [5]. 

https://paperpile.com/c/KJH16c/JuCTT
https://paperpile.com/c/KJH16c/okAgA
https://paperpile.com/c/KJH16c/a98XI
https://paperpile.com/c/KJH16c/Rxm1W
https://paperpile.com/c/KJH16c/6MkxM
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Figure 7: Mechanical properties of AlSi9Cu3 alloy in the a) x-direction and b) z-direction [5] 

Aeromet has developed the A20X alloy series based on the aluminum-copper system. 

Aluminum-copper alloys have higher strength than aluminum-silicon alloys, but are not 

widely used due to their poor casting characteristics [11] [49]. A20X is a cast alloy 

compatible with AM and has YS and UTS greater than Al 6061 and comparable with 

Al7075 [50]. The alloy contains an addition of titanium diboride [51], a hard ceramic 

often used as a grain refiner. TiB2 restricts the movement of liquid into the interdendritic 

channels [49], which improves the alloy’s susceptibility to solidification cracking as 

discussed in Section 3.3. An increased addition of titanium leads to refinement of the 

grain size. Figure 8 shows the effect of elemental titanium on the grain size of the A20X 

alloy. The additional titanium leads to the formation of TiAl3, a more effective grain 

refiner than TiB2 [49]. After heat treatment, the AM A20X alloy exhibits excellent 

mechanical properties including 440Mpa YS, 511 MPa UTS, and 13% elongation [51]. 

 

 
Figure 8: Microstructure of A20X alloy with increasing Ti addition: a) 0.02wt%, b) 0.15wt%, c) 

0.17wt% [49] 

https://paperpile.com/c/KJH16c/ROQG5
https://paperpile.com/c/KJH16c/4H1za
https://paperpile.com/c/KJH16c/qNK6k
https://paperpile.com/c/KJH16c/ygRyg
https://paperpile.com/c/KJH16c/4H1za
https://paperpile.com/c/KJH16c/4H1za
https://paperpile.com/c/KJH16c/ygRyg
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1.2.1.4 Heat Treatable Wrought Alloys 

Aluminum wrought alloys are generally grouped into two classifications: heat-treatable 

and non-heat-treatable. This section will focus on the former, as they are a more viable 

option for potential applications that rely on elevated mechanical performance [5]. 

 

Heat-treatable wrought alloys include the 2XXX series (Al-Cu-Mg), 6XXX series (Al-Si-

Mg), and 7XXX series (Al-Zn-Mg-Cu) [5]. All are strengthened through precipitation 

hardening whereby the alloy is quenched to form a supersaturated solid solution and 

raised to an intermediate temperature, at which time hard intermetallic precipitates are 

formed within the matrix [35]. These precipitates act as barriers to dislocation motion and 

give these alloys excellent strength. 

 

However, many widely used high-strength alloys such as Al 6061 and Al7075 are 

challenging in the context of LPBF AM. Since LPBF is similar, in essence, to a welding 

process, materials suitable for AM are generally limited to those that are weldable [4]. 

Heat-treatable wrought alloys often have wide solidification temperature ranges and are 

susceptible to solidification cracking. Additionally, strengthening elements magnesium 

and zinc can evaporate during AM due to the large necessary energy inputs, leaving 

porosity in the material and significant changes in material chemistry. 

 

To improve the solidification properties of these alloys, silicon has been added to 

increase the fluidity and shorten the solidification range of Al7075 [31]. Silicon addition 

is effective in reducing the crack density and also increases the laser absorption of the 

alloy, while still allowing for precipitation hardening of the strengthening phases [31]. 

 

Another method of combating solidification cracking is the formation of fine, equiaxed 

microstructures. Martin et al.[4] propose the addition of nanoparticle grain refiners to 

create nucleation sites ahead of the solidification front, reducing the undercooling 

required to form a fine, equiaxed grain structure. Zirconium nanoparticles were used to 

promote the formation of the Al3Zr phase [4]. Figure 9 shows the effect of the addition of 

https://paperpile.com/c/KJH16c/6MkxM
https://paperpile.com/c/KJH16c/6MkxM
https://paperpile.com/c/KJH16c/FBztL
https://paperpile.com/c/KJH16c/yT5DG
https://paperpile.com/c/KJH16c/sKmq3
https://paperpile.com/c/KJH16c/sKmq3
https://paperpile.com/c/KJH16c/yT5DG
https://paperpile.com/c/KJH16c/yT5DG
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zirconium on the rate of solidification and on the resulting microstructure of Al7075. 

While the solidification behaviour remains unchanged, the new microstructure is free 

from cracks. Table 5 compares mechanical properties between Al7075 + Zr and 

traditionally manufactured Al7075, as well as additive manufactured AlSi10Mg. 

Although the mechanical properties were not as high as wrought Al7075, the method 

shows that traditional alloys with higher strength than the common AM alloys can be 

manufactured, albeit with lower ductility [4]. 

 

 
Figure 9: Comparison of solidification path and resulting microstructure of Al7075 and Al7075 

with Zr addition [4] 

  

  

https://paperpile.com/c/KJH16c/yT5DG
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Table 5: Mechanical properties of wrought and AM Al7075 and other AM alloys [4] 

Material YS (MPa) UTS (MPa) ε (%) 

AM Al7075 (T6) NA 25.5 0.4 

Wrought Al7075 (T6) 372-469 462-538 3-9 

AM Al7075 + Zr (T6) 325-373 383-417 3.8-5.4 

AM AlSi10Mg 209 315 7.3 

 

Another additively manufactured alloy that utilizes transition metals is Scalmalloy, an 

aluminum-magnesium-scandium alloy. Scalmalloys are corrosion resistant and have high 

strength and high ductility [5]. In this alloy, an Al3Sc phase acts as a grain refiner upon 

solidification, and heat treatments can improve the hardness of these alloys [5]. Al3Sc 

precipitates can be formed through a quenching and aging process. This phase is coherent 

with the aluminum matrix and remains thermally stable up to 350℃, a value that greatly 

exceeds the stability threshold of Mg and Cu-based precipitates. [31]. 

 

Scalmalloys have excellent mechanical properties as shown in Table 6 [31]. Prior to heat 

treatment, Scalmalloy has similar mechanical properties to AlSi10Mg. However, post-

build heat treatment significantly increases the YS and UTS, while maintaining similar 

levels of ductility. This data shows the benefits of developing heat-treatable alloys that 

are compatible with AM. Unfortunately, the high cost of scandium ensures that 

Scalmalloys may be cost prohibitive for certain applications. 

  

https://paperpile.com/c/KJH16c/6MkxM
https://paperpile.com/c/KJH16c/6MkxM
https://paperpile.com/c/KJH16c/sKmq3
https://paperpile.com/c/KJH16c/sKmq3
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Table 6: Mechanical properties of AM AlSi10Mg and Scalmalloys [31] 

Material Heat Treatment YS (MPa) UTS (MPa) ε (%) Source 

AlSi10Mg AB 270 460 9 [52] 

AlSi10Mg SR 230 345 12 [23] 

Scalmalloy AB 276-287 403-427 14-17 [53] 

Scalmalloy 325 deg C 4h 520 530 14 [40] 

 

1.2.2 Challenges in Aluminum AM 

1.2.2.1 Raw Powder Traits 

For a powder to be compatible with LPBF, several basic traits are of concern. One is that 

the powder must have good flowability. This is necessary to form an even layer 

preventing defects within the finished product. Aluminum and its powders, however, 

often have poor flowability due to its lighter weight compared to other metals such as 

titanium and steel [54]. In addition, fine powder can agglomerate and bridge during the 

spreading process which can lead to an uneven layer thickness and porosity within the 

final part.  

 

Table 7 compares the flowability, as well as the thermal conductivity and reflectivity, of a 

series of AM powder feedstocks. Notably, the AlSi10Mg powder tested by Aboulkhair 

[54] has no measured flowability using a Hall flow meter by ASTM standard B213 

[54][29]. However, flow properties of a feedstock are influenced by particle size, 

morphology, moisture content, and a variety of other factors [55]. To optimize flow 

characteristics, spherical aluminum alloy powders should be used, as irregular particles 

tend to impede flow. 

  

https://paperpile.com/c/KJH16c/G8idY
https://paperpile.com/c/KJH16c/id5YV
https://paperpile.com/c/KJH16c/ahaEA
https://paperpile.com/c/KJH16c/WyZ1b
https://paperpile.com/c/KJH16c/R7BJt
https://paperpile.com/c/KJH16c/R7BJt
https://paperpile.com/c/KJH16c/R7BJt
https://paperpile.com/c/KJH16c/aoYff
https://paperpile.com/c/KJH16c/IUezL
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Table 7: Properties of steel, titanium, and aluminum AM powders [54] 

SLM Candidate 

Material 

Flowability 

(s/50g) 

Thermal Conductivity 

(W/m K) 

Reflectivity 

(%) 

Ti64 47 6.7 53-59 

316L Stainless Steel 14.6 21.4 60 

Al 6061 77 172 91 

AlSi10Mg No flow 146 91 

 

Thermal conductivity and reflectivity of a powder are other traits of influence. Such data 

for several materials are presented in Table 7 where Al6061 (high-strength aluminum 

alloy) and AlSi10Mg are compared to Ti-64 and 316L stainless steel. Aluminum alloys 

have higher reflectivity and thermal conductivity, therefore requiring a higher energy 

input to enable melting [5]. Rapid dispersion of input heat leads to an increased 

solidification rate [56] and lowers melt pool stability.  Aluminum also readily forms an 

oxide with a high melting point. Consequences of incomplete melting include pores and 

defects within the material from which cracks can be initiated [5]. 

  

Insufficient energy density inhibits fusion, causing porosity within the part. If, when 

building a layer, the previous layer is not re-melted, the two layers will not have coherent 

bonding [10]. Insufficient energy density can also cause a balling effect, where the 

molten metal forms highly concentrated areas of material in the melt pool [5]. The balling 

effect can increase surface roughness and induce porosity in the product, and, in extreme 

cases, the balls can interfere with powder deposition [57]. Figure 10 shows the impact of 

increasing linear energy density on the cross-section of an AlSi10Mg single scan track 

[58].  

https://paperpile.com/c/KJH16c/6MkxM
https://paperpile.com/c/KJH16c/5ydeZ
https://paperpile.com/c/KJH16c/6MkxM
https://paperpile.com/c/KJH16c/6A3V5
https://paperpile.com/c/KJH16c/6MkxM
https://paperpile.com/c/KJH16c/BQeQS
https://paperpile.com/c/KJH16c/X8IlR
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Figure 10: Effect of increasing linear energy density on balling phenomena for an AlSi10Mg 

single track [58] 

The energy density required for complete melting of the substrate and prevention of the 

balling effect can lead to the volatilization of low vapor pressure alloying elements (zinc, 

magnesium, etc) commonly used in high-strength aluminum alloys [9]. Martin et al. [4], 

in an attempt to manufacture Al 7075 through LPBF, noted that the process resulted in a 

25% loss of zinc and 32% loss of magnesium, both of which are strengthening elements 

in the alloy.  For this reason, many of these high-strength alloys are challenging to 

process via AM without adverse modifications to the alloy chemistry. 

 

Additionally, the high thermal conductivity of aluminum can lead to melt penetration of 

pre-built layers when the energy density is too high (low scan speed, high laser power) 

[31]. This creates defects that have a “keyhole” shape, as alloying elements can vaporize 

due to the high energy input and leave voids in the already built layers. This porosity can 

increase the risk of crack growth within the sample during solidification and reduce the 

yield strength and density of the final part.  

1.2.2.2 Solidification Cracking 

Solidification rates are multiple orders of magnitude higher in AM processes than in 

casting [4]. Aluminum has a high CTE and thus, a high rate of solidification shrinkage 

[5] upon cooling as well. Shrinkage can interfere with dimensional accuracy in AM if not 

https://paperpile.com/c/KJH16c/J1DoB
https://paperpile.com/c/KJH16c/yT5DG
https://paperpile.com/c/KJH16c/sKmq3
https://paperpile.com/c/KJH16c/yT5DG
https://paperpile.com/c/KJH16c/6MkxM
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accounted for and often leads to cracking if the stress associated with shrinkage is too 

high in the presence of a solidifying liquid and/or stress concentration points such as 

voids within the material. 

 

Aluminum alloys, especially heat-treatable high strength alloys, are susceptible to 

solidification cracking. The mechanism of solidification cracking is the entrapment of 

liquid between solidified regions. When the alloy solidifies, the equilibrium phase 

solidifies before the bulk liquid, causing a solute enrichment at the solid-liquid interface. 

The molten metal is trapped as the material solidifies, and the newly solidified material 

undergoes dendritic growth in the direction of the laser path [4]. The molten metal is 

trapped between layers and the tensile stress that these voids are under leads to tearing. 

 

A factor that determines the degree of dendritic grain growth is the temperature range 

over which solidification occurs. Figure 11 [4] compares the dendritic growth of 

AlSi10Mg and Al7075, the former with a solidification temperature range of 

approximately 30℃ [31] and the latter with a range of 175℃. The long dendrites formed 

in the solidification of the 7075 alloy leave small voids which can act as stress 

concentrators for crack formation. 

 
Figure 11: Dendritic growth of AlSi10Mg and Al7075 alloys during solidification [4] 

1.2.2.3 Mechanical Anisotropy 

In LPBF, the direction of grain growth correlates with build direction [2]. Grain size and 

orientation differ in the longitudinal and transverse directions, and this difference leads to 

anisotropy, or directionality, of mechanical properties such as YS, UTS, and elongation. 

  

https://paperpile.com/c/KJH16c/yT5DG
https://paperpile.com/c/KJH16c/yT5DG
https://paperpile.com/c/KJH16c/sKmq3
https://paperpile.com/c/KJH16c/AH89n
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Anisotropy can be reduced by alternating laser scan path [33], but this is limited to the 

directions perpendicular to the build direction. Differences in grain size and dimension 

with an alternating scan path can be observed in Figure 12 [32]. 

 

 
Figure 12: Electron back scatter diffraction (EBSD) inverse pole figure (IPF) maps of AlSi10Mg 

at P=325W, oriented in a) the build direction and b) the y-direction [32] 

As with the previous challenges to aluminum AM, alloys with large solidification 

temperature ranges suffer most due to the long columnar grains that grow in the coarse 

grain zone [32]. Contraction is greatest in the build direction, leaving the part most 

susceptible to cracking in this direction [2]. An experiment by Fulcher et al. [59] 

measured the mechanical properties of Al6061 built using LPBF. Specimens showed 

significantly lower UTS in the longitudinal direction (42 MPa) compared to the 

transverse direction (230 MPa). This disparity shows the unsuitability of these alloys in 

components with multi-directional stresses [2]. 

  

a b 

https://paperpile.com/c/KJH16c/ZS0Wr
https://paperpile.com/c/KJH16c/sw6fk
https://paperpile.com/c/KJH16c/sw6fk
https://paperpile.com/c/KJH16c/AH89n
https://paperpile.com/c/KJH16c/dkEv8
https://paperpile.com/c/KJH16c/AH89n
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1.3 Aluminum Matrix Composites 

 

Metal matrix composites (MMCs) are multiphase materials consisting of a reinforcement 

material within a pure metal or metal alloy matrix [35] [60]. Typically, the reinforcement 

is a material with higher strength and hardness than the metal matrix, such as a ceramic 

[35]. Common examples include carbides, nitrides, oxides, and borides [61] 

 

MMCs are desirable in automotive and aerospace applications due to increased service 

temperature and excellent properties [61]. Specifically, aluminum and its alloys are used 

in these applications due to their corrosion resistance and high strength-weight ratio [11]. 

However, aluminum’s overall mechanical properties compared to other metals and metal 

alloys, limits usage in certain applications. These disadvantages can be mitigated via 

reinforcement with a ceramic material with good mechanical and thermal properties. 

 

While there are already widely utilized methods of processing MMCs, there is potential 

for these materials to be fabricated using AM methods such as LPBF. With the same 

processing techniques used to produce aluminum matrix composite (AMC) feedstocks for 

powder metallurgy, powder could also be used in AM to manufacture parts that are easily 

customizable, have excellent dimensional tolerance, and near-net shape, requiring little 

post-process machining. Aluminum alloys with ceramic additives are commercially 

available and have mechanical properties on par with high-strength aluminum alloys that 

have been deemed unprintable. 

 

This section will discuss the strengthening mechanisms of ceramic reinforcements within 

the metal matrix, as well as the processing methods used to manufacture these materials. 

AMCs and their applications will be discussed, as well as the aluminum-ceramic 

combinations that have translated well to AM. 

1.3.1 Discontinuously Reinforced Composites 

Ceramic reinforcements exist in particulate, fibre (either continuous or discontinuous), 

and whisker morphologies. Since this thesis focuses on the viability of aluminum MMCs 

https://paperpile.com/c/KJH16c/FBztL
https://paperpile.com/c/KJH16c/6Q2OV
https://paperpile.com/c/KJH16c/FBztL
https://paperpile.com/c/KJH16c/IAD4H
https://paperpile.com/c/KJH16c/IAD4H
https://paperpile.com/c/KJH16c/ROQG5
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in AM from a powder feedstock, the focus will be on strengthening mechanisms of 

discontinuous reinforcement particles. 

 

In particle reinforced MMCs, fine particles of a hard, inert material that is insoluble in the 

metal matrix[35] are uniformly dispersed. This subtype of MMC is defined by 

reinforcement particles with an aspect ratio less than 5 [62].  Micro or nanoscale ceramic 

particles exhibit greater strength than bulk ceramics [60]. The strengthening mechanism 

is similar in nature to precipitation hardening, in that small particles act as barriers for 

dislocation motion. Particulates carry an additional load that eases stress on the matrix, 

while also forming incoherent interfaces between the matrix and particulates, which 

result in the generation of dislocations at these interfaces [63]. While the magnitude of 

the strengthening effect is lower, dispersion strengthening can be advantageous over 

precipitation hardening in that over-aging is not a factor since the composite is more 

stable at high temperatures than a precipitation hardened counterpart [35]. 

 

Compatibility between matrix and reinforcement phases is essential. One factor of utmost 

importance is the difference in CTEs, as mismatches can lead to accumulation of strain 

[61], which can affect the composite [64]. The magnitude of thermally induced residual 

stress is dependent on factors such as ceramic particle size, aspect ratio, and volume 

fraction [62]. 

 

The interfacial region is significant since the interaction between matrix and 

reinforcement determines load transfer and crack resistance [61]. Figure 13 shows the 

failure mechanisms that can occur within a MMC [65]. With a high strength matrix such 

as an aluminum alloy, the load can be shifted to the particulates until a point where 

cracking can originate within the particles. For a pure aluminum MMC, failure can occur 

at the matrix-particle interface resulting in decohesion between the two phases [60]. 

https://paperpile.com/c/KJH16c/FBztL
https://paperpile.com/c/KJH16c/cZyU3
https://paperpile.com/c/KJH16c/6Q2OV
https://paperpile.com/c/KJH16c/LduDa
https://paperpile.com/c/KJH16c/FBztL
https://paperpile.com/c/KJH16c/IAD4H
https://paperpile.com/c/KJH16c/HkcZO
https://paperpile.com/c/KJH16c/cZyU3
https://paperpile.com/c/KJH16c/IAD4H
https://paperpile.com/c/KJH16c/YVMjX
https://paperpile.com/c/KJH16c/6Q2OV
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Figure 13: Failure mechanisms in MMCs [65] 

Addition of ceramic particulate also impacts the solidification structure of MMCs [62] by 

acting as a catalyst for heterogeneous nucleation. For a ceramic to act as a nucleation site, 

the particle must exhibit good wetting properties with the molten metal [66]. When 

molten metal wets poorly to ceramic particles, particles rejected by the solidifying front 

of the metal segregate to the interdendritic regions which solidify last, leading to non-

uniform distribution and poor mechanical properties as a result [66][67]. 

1.3.2 Conventional Processing Methods 

1.3.2.1 Stir Casting 

When casting a MMC, consistent stirring is essential for prevention of particle 

agglomeration [60] [68] and settling [61]. Stir casting is a common processing method for 

https://paperpile.com/c/KJH16c/cZyU3
https://paperpile.com/c/KJH16c/iWQdZ
https://paperpile.com/c/KJH16c/iWQdZ
https://paperpile.com/c/KJH16c/YFpAH
https://paperpile.com/c/KJH16c/6Q2OV
https://paperpile.com/c/KJH16c/JwRfu
https://paperpile.com/c/KJH16c/IAD4H
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MMCs, as stirring action allows for high volume fractions of particulates with good 

bonding between the matrix and reinforcement phases [63]. Increased temperatures 

(>900℃) improve wettability of particulates to the molten metal [69], which is necessary 

to maximize interfacial bond strength [61]. 

 

Figure 14 shows a schematic diagram of a stir casting apparatus. Parameters such as stir 

time and process temperature [69] can be optimized to improve the effectiveness of 

mixing.  

 

 

 
Figure 14: Stir casting schematic [69] 

1.3.2.2 Pressure Infiltration 

Pressure infiltration, or squeeze casting [63], is another liquid phase method of MMC 

processing. Here, molten alloy is injected into a porous ceramic preform via a mechanical 

device or inert gas [61] and as pressure increases, liquid metal is forced into a chamber 

with the preform reinforcement [70]. Figure 15 shows a schematic of a system where the 

required pressure is provided by inert argon gas [70]. In this device, an insulating, porous 

https://paperpile.com/c/KJH16c/LduDa
https://paperpile.com/c/KJH16c/UxhUw
https://paperpile.com/c/KJH16c/IAD4H
https://paperpile.com/c/KJH16c/UxhUw
https://paperpile.com/c/KJH16c/LduDa
https://paperpile.com/c/KJH16c/IAD4H
https://paperpile.com/c/KJH16c/SCQlI
https://paperpile.com/c/KJH16c/SCQlI
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layer separates the molten metal from the ceramic preform and upon infiltration, the 

pressure difference drives the molten metal into the cooled preform. 

 

This processing technique is simple, fast, cost-effective [1], and can accommodate 

volume fractions of ceramics up to 50% [71], but the ranges of shapes and sizes are 

limited by the shape of the preform and the process can cause damage to the 

reinforcement matrix [61] [71]. 

 
Figure 15: Pressure infiltration casting apparatus [70] 

1.3.2.3 Powder Metallurgy 

Powder metallurgy (PM) is a solid-state process. This allows for manufacturing at low 

temperatures, reducing the potential for negative interfacial reactions between the 

reinforcement and matrix [72]. PM techniques are effective in forming a part with a 

uniform distribution of reinforcement, a requirement to enhance material strength [72]. 

 

Powder feedstocks are fabricated using techniques such as milling, electrolytic 

production, and water and gas atomization [73]. Atomized powders are most 

advantageous due to their spherical shape allowing for improved flowability, especially 

for aluminum and aluminum alloys that generally have poor flowability [54]. Figure 16 

shows one example of a PM process flow chart from feedstock powder to a finished 

https://paperpile.com/c/KJH16c/wfxTa
https://paperpile.com/c/KJH16c/sYqlG
https://paperpile.com/c/KJH16c/IAD4H
https://paperpile.com/c/KJH16c/sYqlG
https://paperpile.com/c/KJH16c/G606Q
https://paperpile.com/c/KJH16c/G606Q
https://paperpile.com/c/KJH16c/UwvuO
https://paperpile.com/c/KJH16c/R7BJt
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component [72]. In the attrition phase, metal and ceramic parts are combined by 

mechanical alloying, a solid phase process where an alternating process of breakdown 

and welding of individual particles is used to form an alloy [74]. High revolution speed is 

necessary to generate the required heat for particle recombination [73]. Figure 17 shows 

scanning electron microscopy (SEM) images for two initial powders (gas atomized V95 

aluminum alloy and SiC), and the resultant powder after mechanical alloying in an 

attrition mill. Large granules that form due to combination of the aluminum and silicon 

carbide powders begin to attrite [74]. 

 

 
Figure 16: PM process flow chart [72] 

https://paperpile.com/c/KJH16c/G606Q
https://paperpile.com/c/KJH16c/ssCIR
https://paperpile.com/c/KJH16c/UwvuO
https://paperpile.com/c/KJH16c/ssCIR
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Figure 17: Powder morphology of a) V95 Al alloy, b) SiC, and c) both powders mechanically 

alloyed for 2.5h to produce a combined microstructure [74] 

1.3.3 Applications of AMCs 

Aluminum is an established matrix metal in MMCs, owing to its low density [61]. There 

is significant demand for light, high-strength materials in automotive [63] and aerospace 

industries, as well as sectors such as agriculture and mining [63]. Weight reduction is 

essential in improving fuel economy and efficiency and combining the properties of 

aluminum with a ceramic can improve the strength and modulus of aluminum while 

maintaining its low weight. Other beneficial properties seen in AMCs include excellent 

wear resistance, corrosion resistance, high temperature creep resistance, reduced CTE, 

and improved fatigue strength [75]. Table 8 shows the effect of increasing addition of 

Al2O3 and SiC on the YS, UTS, elongation, and modulus of common aluminum alloys 

[3]. Naturally, as the strength properties are increased through addition of reinforcements, 

elongation of the alloy decreases. 

 

Table 9 [76] outlines current applications of aluminum MMCs in the automotive 

industry. Components such as crankshaft bearings and engine blocks [63] can be made 

from AMCs, reducing the overall weight of the vehicle and improving fuel economy. 

Another usage of AMCs in the automotive industry is the replacement of cast iron brake 

disks, which can reach high operating temperatures. Figure 18 shows a brake disk made 

from particle reinforced aluminum, a composite with high wear resistance necessary for 

use in this application [63].  

  

a c b 

https://paperpile.com/c/KJH16c/IAD4H
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Table 8: Mechanical properties of Duralcan AMC alloys [3] 

Alloy 

Yield Strength 

(MPa) UTS (MPa) 

Elongation 

(%) 

Modulus 

(GPa) 

6061-0% Al2O3 276 310 20 69 

6061-10% Al2O3 297 338 7.6 81 

6061-15% Al2O3 386 359 5.4 88 

6061-20% Al2O3 359 379 2.1 99 

2014-0% Al2O3 414 483 13 73 

2014-10% Al2O3 473 517 3.3 84 

2014-15% Al2O3 476 503 2.3 92 

2014-20% Al2O3 483 503 0.9 101 

A356 - 0% SiC 200 276 6 75 

A356 - 0% SiC 283 303 0.6 81 

A356 - 0% SiC 324 331 0.3 90 

A356 - 0% SiC 331 352 0.4 97 
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Table 9: Automotive applications of AMCs [76] 

Manufacturer Composite Component 

Duralcan, Martin Marietta, 

Lanxide Al/SiC Pistons 

Duralcan, Lanxide Al/SiC Brake rotors, calipers, liners 

GKN, Duralcan Al/SiC Propeller shaft 

Nissan Al/SiC Connecting rod 

Dow Chemical Mg/SiC Sprockets, pulleys, covers 

Toyota Al/Al2O3 Piston rings, (saffil) & AI/Boriaw 

Dupont, Chrysler Al/Al2O3 Connecting rods 

Hitachi Cu/graphite Current collectors 

Martin Marietta Al/TiC Pistons, connecting rods 

Honda Al/Al2O3-C Engine blocks 

Lotus Elisse, Volkswagen Al/SiC Brake rotors 

Chrysler Al/SiC Brake rotors 

GM Al/SiC 

Rear brake drum for EV-1, driveshaft, 

engine cradle 

MC-21, Dia-Compe, 

Manitou Al/SiC Bicycle fork brace, disk brake rotors 

3M Al/Nextelf Missile fins, aircraft electrical ac door 

Knorr-Bremse, Kobenhavn SiC/Al Brake disc on ICE bogies 

Alcoa Innometalx Al/SiC Multichip electronic module 

Lanxide Al/SiC PCB heat sinks 

Cerecast Al/graphite foam Electronic packages 

Textron Al/B PCB heat sinks 
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Figure 18: Automotive brake disk comprised of particle reinforced aluminum [63] 

1.3.4 AMCs in AM 

Traditional methods of processing MMCs are often limited to simple designs [1] or 

require extensive post-process machining. Due to the hardness of MMCs, high strength 

tool steels are required for machining, which can introduce significant costs [77]. An 

alternative to the traditional processing methods is AM, where the component is built 

through the continuous addition of thin layers of powder. AM technologies can produce 

intricate designs with near-net shape, reducing machining costs while increasing 

efficiency of material usage. Additions of ceramic powder to an aluminum alloy may also 

aid in the printability of these alloys by improving the energy absorptance of the powder 

bed [1].  

 

Figure 19 [78] outlines several in situ and ex situ techniques for AM of MMCs. Ex situ 

MMCs are either blended or mechanically alloyed to the desired composition outside of 

the manufacturing process (or, in the case of DED, from different input feeds), while for 

in situ composites, ceramic structures are the result of reactions between elemental 

powders initiated by the high energy inputs required for AM. Selection between an ex 

situ and in situ process is a balance between simplicity and cost. Elemental powders are 

https://paperpile.com/c/KJH16c/wfxTa
https://paperpile.com/c/KJH16c/y6qjU
https://paperpile.com/c/KJH16c/wfxTa
https://paperpile.com/c/KJH16c/SqZq4
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less expensive than alloyed powders, but in situ processing can be complex, as the 

necessary reactions are exothermic and must be controlled. 

 

 
Figure 19: Powder-based AM processes for MMCs [78] 

1.3.4.1 AMC Research for AM 

Aluminum-silicon alloys, while commonly utilized in metal AM,  have lower strength 

than heat-treatable wrought aluminum alloys, limiting their use in certain high-stress 

applications without the addition of a strengthening phase. Famodimu et al. [77] 

proposed that the addition of silicon carbide could be a suitable ceramic additive for 

reinforcing aluminum alloys. To achieve the necessary distribution of SiC, AlSi10Mg 

and SiC powders were mechanically alloyed. Figure 20 shows the microstructures of 

AlSi10Mg AM alloys with 0%, 5%, and 10% silicon addition, respectively. The matrix 

alloy has a typical structure of AM alloys. In the melt pool region, there are two distinct 

regions of dendritic aluminum and a eutectic Al+ Si phase. In the HAZ, dendrites are 

longer due to the slower cooling rate in this region [77] and thus, this area undergoes a 

heat treatment as the next layer is built [32].  

 

https://paperpile.com/c/KJH16c/y6qjU
https://paperpile.com/c/KJH16c/y6qjU
https://paperpile.com/c/KJH16c/sw6fk
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Figure 20: Microstructures of a) matrix alloy AlSi10Mg, b) AlSi10Mg-5%SiC, and c) AlSi10Mg-

10%SiC, 20000x magnification [77] 

As the SiC content increases, dendrites begin to coarsen due to the increased time 

required to achieve solidification [77]. At 10% SiC, there is a clear formation of a region 

enriched in silicon and carbon (bottom image) caused by the preferential formation of 

aluminum carbide precipitates in the eutectic phase [77]. While fine particles of Al4C3 

a 

c 

b 
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can increase the strength of aluminum alloys [79], the formation of this compound to the 

detriment of SiC negatively impacts the mechanical properties of the composite [80]. 

1.3.4.2 Commercial Alloys 

Elementum 3D, a research and development company that specializes in AM, has utilized 

a technique called reactive AM to introduce ceramics into AMCs. Using this 

methodology, input materials react to form products in situ, resulting in a part with 

phases of different chemistry than its input powders [81]. This method differs from 

typical methods of MMC processing in that the ceramic particulates aren’t expected to be 

inert.  The heat generated from an exothermic reaction allows the reaction to propagate 

through the sample. This reaction must be controlled to prevent a negative effect on the 

detail and tolerances of the component [81]. Products of this reaction can include both 

ceramics and intermetallics if the reactant is a ceramic of a different metal, such as TiB2 

or TiC. Reinforcement powder can be added both as a blend with metal powder or coated 

on the aluminum powder by spray drying or mechanical alloying. When the powder is 

blended, these materials should be similar in size to the aluminum alloy particles [81]. 

 

Table 10 shows the effect that the addition of 10% ceramic has on the mechanical 

properties of Elementum’s A1000 alloy, which is a near-pure aluminum with small 

concentrations of impurities manufactured using LPBF [82]. Addition of the ceramic not 

only significantly increased the important mechanical properties but reduced the thermal 

conductivity of the alloy as well, which improved the density of the aluminum alloy. 

Since many high-strength aluminum alloys are unprintable using LPBF due to wide 

solidification temperature ranges, it is promising that good mechanical properties were 

achievable for an additively manufactured alloy. 

  

https://paperpile.com/c/KJH16c/sxwa4
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Table 10: Comparison of mechanical, physical, and thermal properties of Elementum’s A1000 
alloy series [82] 

Property 

A1000 

Alloy A1000 MMC (10% ceramic) 

Density (g/cm3) 2.7 2.91 

Relative Density (%) >99.5% >99.99% 

UTS (MPa) 100-110 343 

YS (MPa) 76-83 262 

ε (%) 30-36 -- 

Hardness (HRB) -- 55 

Modulus of Elasticity (GPa) 70 93 

Thermal Conductivity 

(W/m*K) 217 108 

 

Another company innovating in AMCs for AM is Aeromet. Aeromet’s A20X alloy, 

designed as a casting alloy, is an aluminum-copper alloy compatible with AM. The alloy 

contains an addition of intermetallic titanium diboride [49], a hard ceramic often used as 

a grain refiner. Nanoparticles of titanium diboride occupy interdendritic regions and act 

as nucleation sites, improving the solidification characteristics by reducing the potential 

for hot tearing [4] [49]. 

 

Table 11 compares the A20X AM alloy with high strength, traditionally processed heat-

treatable aluminum alloys 6061 and 7075 [51]. The A20X alloy has higher strength than 

Al6061 and lower strength than Al 7075, putting it in the realm of high strength alloys for 

aerospace and automotive applications while also being printable using LPBF. 

  

https://paperpile.com/c/KJH16c/4H1za
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Table 11: Mechanical properties of A20X AM alloy vs. wrought Al6061 and Al7075 alloys [51] 

Alloy YS (MPa) UTS (MPa) ε (%) 

Al 6061 Wrought Alloy T6 275 310 17 

Al 7075 Wrought Alloy T6 503 572 11 

A20X AM Alloy T6 440 511 13 
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2. RESEARCH OBJECTIVES 
 

Through past collaborations with GKN Powder Metallurgy, the processing of AMCs with 

admixed aluminum nitride (AlN) additives have been researched at Dalhousie University 

through conventional powder metallurgical technologies such as press-and-sinter and 

sinter-forge [83], [84]. These studies have demonstrated that AlN additions can offer 

gains in mechanical performance relative to the unreinforced alloy matrix system without 

any adverse impact on processing behaviour.  As such, these AlN-reinforced AMCs are 

now utilized in the high-volume fabrication of a growing list of automotive components 

including planetary carriers and gear pumps.  The over-arching objective of this work 

was to build upon these developments by investigating the fundamental processing 

response of AlN-reinforced AMCs in the context of AM.  Here, the effects of AlN 

additions on the LPBF processing response of aluminum alloy AlSi10Mg have been 

considered.   

 

Using a design of experiments (DOE) approach, the laser power, scan speed, and hatch 

spacing build parameters were systematically varied. The effects of each individual 

parameter, as well as the effect of volumetric energy density (VED) were examined 

across AMCs with different concentrations and sizes of particulate additive through a 

series of DOEs. All products were then characterized to assess the density, general 

microstructure, and basic mechanical properties (hardness, tensile) alloy matrix was also 

investigated.

https://paperpile.com/c/KJH16c/tgoBt+TqmdA
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3. FABRICATION OF AlSi10Mg-AlN METAL MATRIX 

COMPOSITES USING LASER POWDER BED FUSION 

TECHNOLOGY 
  

J. Comhaire1, I.W Donaldson2, D.P. Bishop1 

1- Department of Mechanical Engineering, Dalhousie University, Halifax, NS, B3J 1Z1, Canada  
 

2- GKN Powder Metallurgy, Auburn Hills, M, 48326, United States 
 

 
Abstract: AlSi10Mg has evolved to become a standard aluminum alloy utilized in additive manufacturing 
(AM), owing to a robust response to processing and desirable properties such as a high strength-weight 
ratio. Despite these promising traits, the stiffness, thermal conductivity, and thermal stability of AM 
AlSi10Mg remains inadequate for certain applications. In an effort to bolster performance in these areas, 
coupling the alloy with controlled levels of ceramic particulate is under investigation.  Specifically, the 
authors have completed research on the incorporation of aluminum nitride (AlN) additions and how these 
influence the processability of AlSi10Mg in the context of laser powder bed fusion.  Using a design of 
experiments (DOE) approach, the effects of AlN concentration, laser power, scan speed, and hatch spacing 
on final part density were studied. With an effective processing window established, positive combinations 
of parameters were utilized in the fabrication of additional specimens needed for a comprehensive 
assessment of microstructure, matrix/ceramic interfaces, mechanical properties, and thermal properties.   

Keywords: laser powder bed fusion, additive manufacturing, aluminum, metal matrix composites 

 

3.1 Introduction 

Metal additive manufacturing (AM) technologies have been utilized to manufacture “near 

net shape” components [31] that have tight dimensional tolerances [2] and generally 

require minimal post-process machining. Other advantages include a capacity for rapid 

customization and prototyping, light weighting, and efficient use of high-cost materials 

[5]. Laser powder bed fusion (LPBF) is a particularly common AM process, where metal 

powder feedstock is fed from a powder reservoir to the build area using a coater. Thinly 

laid powder is then melted using a laser, in a pattern derived from a 3D computer aided 

design (CAD) file. Once the laser is rastered, the platform is lowered, and a fresh layer of 

powder is spread. Repetition of this pattern in a layer-by-layer manner results in a 

finished component. Microstructurally, LPBF components are renowned for their fine 

https://paperpile.com/c/KJH16c/sKmq3
https://paperpile.com/c/KJH16c/AH89n
https://paperpile.com/c/KJH16c/6MkxM
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microstructures owing to the rapid solidification rates (106 K/s) [13] inherent to laser 

melting. 

Adaptation of certain high-strength aluminum alloys to metal AM technologies has been 

challenging due to the rapid solidification conditions. Over a wide temperature range for 

solidification, an undercooled liquid phase forms near the solid-liquid interface [4]. As 

the material solidifies and experiences dendritic grain growth, the liquid phase can 

become entrapped in the interdendritic regions. Thermal contraction in these regions can 

then initiate cracks that can propagate through the material [85]. Additionally, the high 

reflectivity and thermal conductivity inherent to aluminum typically necessitate the use of 

a high laser power for adequate melting [10].  

Alternatively, lower strength aluminum-silicon alloys have been extensively studied for 

use with AM technologies, owing to their high fluidity and narrow solidification range in 

light of their near eutectic composition [5]. One of the most studied of these alloys is 

AlSi10Mg [22]. Several studies have been conducted to determine the processing 

window that optimizes density for AlSi10Mg [16], [22], [86] in terms of laser power, 

scan speed, hatch spacing, layer thickness, and other parameters.  

LPBF parameters and energy density for a series of parametric analyses and other studies 

centered around the AlSi10Mg alloy are listed in Table 12. Parametric analyses by Read 

et al. [22] and Hyer et al. [86] observed the relative density response to LPBF parameters 

of laser power, scan speed, hatch spacing, and layer thickness. These studies were able to 

achieve the highest density products when the input volumetric energy density (VED) 

ranged from 32-67 J/mm3. While this basic parameter has limitations [87] and different 

researchers may have varying optimal values for the same alloy based on the constituent 

values for power, scan speed, hatch spacing, layer thickness, VED still serves as a useful 

design parameter when seeking to achieve a dense final product. 

  

https://paperpile.com/c/KJH16c/4cyx0
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Table 12: LPBF parameters for AlSi10Mg used in process optimization studies. 

Laser 
Power 

(W) 

Scan 
Speed 
(mm/s) 

Hatch 
Spacing 

(µm) 

Layer 
Thickness 

(µm) 

Build Plate 
Temperature 

(°C) 

Optimal 
VED 

(J/mm3) 

Max 
Relative 

Density (%) Source 

100-
200 

700-
2000 

200-800 30 Not Reported 60 99.2 [22] 

150-
350 

100-
10000 90-170 30-90 100 32-54 99.8 [86] 

200 1400 105 30 Not Reported 45 99.4 [33] 

250 500 150 50 30, 300 67 > 99 [88] 

 

While AlSi10Mg has a robust response to processing, its strength is still inadequate for 

certain applications [89]. To bolster the performance of these alloys, aluminum matrix 

composites (AMCs) have been investigated for LPBF processing [77][90], [91]. AMCs 

combine positive attributes of aluminum, such as toughness and ductility, with the 

heightened modulus, hardness, and strength of ceramics [77]. Ceramic additives 

contribute to strengthening due to grain refinement, leading to Hall-Petch strengthening, 

as well as the Orowan effect as particulates act as barriers to dislocation motion [90]. 

Additionally, certain ceramic particulate additions have been demonstrated to improve 

the laser absorption of the AlSi10Mg powder bed; namely, SiC and TiB2 [92].  

In several studies, parametric analyses have been implemented to optimize the as-built 

density of Al-based composites [77] [90] [91].  In one, Astfalck et al. examined the LPBF 

response of Al12Si-SiC MMCs fabricated with energy density between 20-80J/mm3.  A 

peak relative density of 97.4% theoretical was achieved and the formation of byproducts 

(Al4C3 and primary Si) were observed at higher energy densities [91]. Famodimu et al. 

optimized densification with scan speeds ranging from 720-880mm/s in AlSi10Mg 

composites with 5% and 10% SiC addition [77]. Aversa et al. investigated AlSi10Mg 

composites with additions of micro and nano TiB2 and MgAl2O4, achieving near full 

https://paperpile.com/c/KJH16c/8za92
https://paperpile.com/c/KJH16c/1FpmE
https://paperpile.com/c/KJH16c/ZS0Wr
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https://paperpile.com/c/KJH16c/UcZFS
https://paperpile.com/c/KJH16c/y6qjU
https://paperpile.com/c/KJH16c/IR30w+KjPgV
https://paperpile.com/c/KJH16c/y6qjU
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densification with the nano-scale powders, although poor distribution was observed due 

to Marangoni flow interactions with the nanoparticles [90].   

Another potential ceramic additive is AlN. This ceramic has high strength, low CTE, and 

good wetting properties with molten aluminum [93]. While research on AlSi10Mg-AlN 

composites have been completed [94] [95], these studies primarily focused on modelling 

melt spread behaviour and melt pool thermodynamics. Dai et al. were successful in 

fabricating AlSi10Mg-1% nano-AlN composites using LPBF, observing good 

distribution and grain refinement, leading to improved wear resistance properties [94].  

However, studies that emphasize a parametric analysis of the LPBF build parameters for 

this specific AMC system are seemingly absent from the open literature. To address this 

knowledge gap, this work seeks to establish a processing window for the LPBF of 

AlSi10Mg-AlN AMC systems that contain different concentrations and types of AlN 

additions using a DOE-based approach. 

3.2 Materials 

Gas atomized AlSi10Mg powder produced by Kymera International was utilized as the 

matrix alloy in this study. This feedstock was sieved to a range from 20-63 µm by the 

supplier, a range that was confirmed using a HELOS laser diffraction particle 

measurement system. Chemical composition data acquired using a combination of 

inductively coupled plasma - optical emission spectroscopy (ICP-OES) and inert gas 

fusion techniques are listed in Table 13. 

  

Table 13: AlSi10Mg powder chemical composition (weight %). 

% Si % Mg % O % Al 

10.1 0.39 0.12 Balance 
 

Two grades of AlN produced by H.C. Starck were utilized in this study. The particle size 

distribution (PSD) of each powder was measured by laser light scattering (Malvern 

Mastersizer 3000) as shown in Figure 21. These powders are denoted as AlN-C (coarse) 

and AlN-F (fine) in this study given their respective differences in average particle size. 

https://paperpile.com/c/KJH16c/IR30w
https://paperpile.com/c/KJH16c/6llRO
https://paperpile.com/c/KJH16c/9hH7p
https://paperpile.com/c/KJH16c/1dz2s
https://paperpile.com/c/KJH16c/9hH7p
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The D10, D50, and D90 for both grades of AlN as well as the AlSi10Mg powder are listed in 

Table 14 while SEM images of the metal and ceramic powders are shown in Figure 22. 

The AlSi10Mg powder had a spherical morphology typical of a gas atomized powder, 

with satellite formation noted in some instances. Both ceramic powders had an angular 

morphology, but the AlN-C exhibited a broader size range and larger average particle 

size. 

 

 
Figure 21: Particle size distributions of AlN-C and AlN-F      
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Figure 22: SEM images of (a) AlSi10Mg powder, (b) AlN-C, and (c) AlN-F. 

 

Table 14: Particle size data for feedstock powders. 

Material D10 D50 D90 

AlSi10Mg 22.1 µm 39.4 µm 64.0 µm 

AlN-C 1.6 µm 11.8 µm 29.5 µm 

AlN-F 0.4 µm 3.0 µm 6.2 µm 

 

Several AlSi10Mg/AlN mixtures were considered in the work.  This included the base 

material devoid of AlN (hereafter referred to as 0%AlN), and others that admixed AlN-C 

or AlN-F particulate.  These systems are denoted as 5%AlN-C, 10%AlN-C, and 5%AlN-

F with all percentages indicating the weight % of AlN added. In each case, the required 

b 

c 
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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 AlN-

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/cm3) Thermal Diffusivity (mm2/s) 

0%AlN 13.8 2.65 0.359 ± 0.021 
5%AlN-C No flow 2.68 0.184 ± 0.009 
5%AlN-F 37.4 2.68 0.324 ± 0.010 

10%AlN-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, 1.07µm 

wavelength, Gaussian energy distribution). Layer thickness, spot size, and build plate 

temperature were all held constant at 0.03mm, 0.08mm and 220℃, 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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                                                         (a) 

 

                                                         (b) 
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(c) 

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 AlN-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/mm3) 

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 33.3 

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 33.3 

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%AlN, 5%AlN-C, and 10%AlN-

C.  The parameters from DOE-2 were then reused to evaluate a 5%AlN-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, ⅛” 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%AlN 

bars were fabricated: one was left as built (AB) and one was stress relieved (SR) at 285℃ 

for 2 hours before air cooling. An additional group of 5%AlN-F specimens were built and 

subject to the SR cycle. Tensile tests were conducted using an Instron model 5594-

200HVL 1MN load frame with a 50 kN load cell. Elongation was measured using an 

Epsilon 3542 extensometer. The specimens were loaded at a rate of 5MPa/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 (ANOVA) 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% (α = 0.1) was selected to define significance.  A measure of 

standardized effects for 0%AlN, 5%AlN-C, and 10%AlN-C blends are listed in Figure 
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26. Results show that over the range of parameters investigated, laser power had the most 

significant effect on part density. Singular effects of scan speed and hatch spacing were 

not significant to the density of the unmodified AlSi10Mg base powder but were 

significant with the two MMC powder blends, although significant interaction effects 

with power were observed. R-squared values for the analyses of the 3 builds were 89.5%, 

92.6%, and 92.6%, respectively. Table 19 summarizes the P and F-values for this 

regression. Overall P-values of 0.005, 0.001, and 0.001 suggested that the regression 

model was suitably fitted to the data. 

 
(a) 
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(b) 

 
(c) 

Figure 26: Standardized effects of process variables on density (α = 0.1) for (a) 0%AlN, (b) 
5%AlN-C, and (c) 10%AlN-C 
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Table 19: ANOVA table for density regression model developed for different powder systems. 

  0%AlN 5%AlN-C 10%AlN-C 

Source DoF F p F p F p 

Model 9 7.57 0.005 11.06 0.001 11.22 0.001 

  Linear 3 13.29 0.002 20.64 0.000 28.17 0.000 

P 1 33.91 0.000 46.65 0.000 55.80 0.000 

v 1 3.28 0.108 6.10 0.039 18.19 0.003 

d 1 2.69 0.139 9.18 0.016 10.51 0.012 

  Square 3 5.37 0.026 6.90 0.013 2.01 0.191 

P*P 1 15.19 0.005 20.08 0.002 2.55 0.149 

v*v 1 0.00 0.980 0.04 0.850 0.56 0.478 

d*d 1 0.07 0.805 0.41 0.538 2.54 0.150 

  Interaction 3 4.06 0.050 5.63 0.023 3.48 0.070 

P*v 1 4.23 0.074 5.04 0.055 0.14 0.718 

P*d 1 4.39 0.069 7.80 0.023 6.79 0.031 

v*d 1 3.55 0.096 4.07 0.079 3.51 0.098 

Error 8       

  Lack-of-Fit 5 35.12 0.007 330.98 0.000 1.02 0.527 

  Pure Error 3       

Total 17       

 

In the context of optimization, laser power, scan speed, and hatch spacing were varied 

while layer thickness was held constant. These factors contribute to the volumetric 

energy density (VED), which is given by Equation 1 [98]: 

 

https://paperpile.com/c/KJH16c/hQTff
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( 1 )   

Where P represents the laser power, v is the scan speed, h is layer height, and d is the 

inter-track, or hatch, spacing. As the overall energy input is dependent on power, scan 

speed, and hatch spacing, interaction effects between the variables are expected. 

 

The specimens associated with the two lowest VED values (26.8 and 33.3J/mm3), were 

unable to be printed due to insufficient powder melting. Figure 27 shows a series of 

contour maps generated from the response surface regression. Green areas identify 

parameter sets where relatively high density is expected, while blue areas are associated 

with poor densification. Each map illustrates the effects of two parameters for a 

prescribed chemistry while the third (that was held constant) is shown on the lefthand 

side. Laser power exhibited the most significant contribution to part density. At laser 

powers below 150W, densification was only possible at the lowest scan speed and hatch 

spacing of those tested. Although 0%AlN and 5%AlN-C demonstrated sizable regions 

over which a relatively high density could be expected, the 10%AlN-C matrix composite 

was far less robust as it exhibited poor densification across all parameter sets, with a 

maximum density of 96% realized. However, the contour maps for this system showed a 

region of high expected density as laser power approached 200W. The sole specimen 

built at P = 200W, exhibited the highest density for all three chemistries. Due to the 

observed benefits of increasing laser power, the range of laser powers considered was 

increased for DOE-2.
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Hold Value 0%AlN 5%AlN-C 10%AlN-C  

d = 0.1 mm 

   

 

v = 1000mm/s 

    

P = 150W 

   

 

Figure 27: Contour maps for density data deduced from DOE-1
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Images of each powder chemistry at the centre point conditions (P= 150W, v = 

1000mm/s, d =0.10mm) employed in DOE-1 appear in Figure 28. Notably, the extent of 

porosity increases substantially as AlN content increases.  Irregular lack of fusion (LOF) 

porosity was the primary defect structure observed in these specimens. LOF porosity 

occurs when insufficient melting prevents bonding between adjacent melt pool tracks.  

Due to the propensity of aluminum alloys to oxidize and the elevated melting points of 

these oxides, insufficient laser power leads to areas of unmelted powder and thus gaps 

between layers, such as the pore seen in Figure 29. The irregular morphology of these 

pores renders them more detrimental to a component under load than a spherical pore as 

they have more surface area to act as a stress concentration point. 

Thermodynamically stable surface oxide films, which are inherent to aluminum, have an 

inhibitive effect on bonding between layers as they prevent wettability between the liquid 

melt pool and solid previous layer [99]. These films become more prevalent in powder-

based processes such as AM due to the higher surface area of powders compared to 

wrought counterparts [100]. The introduction of fine, irregularly shaped ceramic particles 

contributes to the overall surface area of the powder bed. While aluminum nitride is 

known to be wetted by molten aluminum [34], insufficient breakdown of the oxide film 

and the presence of adsorbed gases on the AlN surface may act as contributors to the 

increase in LOF porosity as the ceramic content is increased.    

In the etched state, the distinct shape of the overlapping melt pool boundaries was 

observed. Distinct microstructural regions indicate the thermal history. At the boundary, 

the microstructure was coarsened due to the proximity of the region to the subsequent 

layer, becoming a heat affected zone as the next laser scan traversed. As the distance 

from the melt pool boundary increased towards the core of the melt pools, a finer 

microstructure was then observed.  Acceptable defect density is observed in the 0%AlN 

specimen, as only small pores < 20 μm in diameter were present. In the 5%AlN-C 

composite, LOF defects accumulate at these boundaries which are the joining location 

between the molten metal and previously solidified layer. In the 10% AlN-C composite, 

LOF defects span distances equivalent to multiple layers. In both composites, the ceramic 

https://paperpile.com/c/KJH16c/NIYy
https://paperpile.com/c/KJH16c/FlOV
https://paperpile.com/c/KJH16c/nDOsz
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particulate appears to be effectively distributed with no significant evidence of 

agglomeration. 

 

 

 

 
Figure 28: Optical micrographs at 5x and 20x magnification (etched with Keller’s reagent) for 
(a),(b) 0%AlN (98.9% dense), (c),(d) 5%AlN-C (96.9% dense), and (e),(f) 10%AlN-C (84.3% 

dense) at the centre point conditions (150W, 1000mm/s, 0.10mm) employed in DOE-1. 

 

a b 

c d 
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Figure 29: LOF pore in 0%AlN specimen 

3.4.2 Refined Assessment of Process Parameters (DOE-2) 

A wide range of VED values (48-200 J/mm3) was utilized in this experiment to try and 

ensure that the extremes of insufficient fusion and keyhole melting were captured. 

Density versus VED curves for the three blends are shown in Figure 30 along with a 

polynomial regression fitted to each data set. Since %AlN was treated as a discrete value 

while laser power and scan speeds were treated as continuous variables, regression 

analyses were conducted for each blend chemistry separately. Optimal VED for the three 

material systems ranged between 60-80J/mm3, comparable to literature values outlined 

previously.  At a VED of 80J/mm3, multiple specimens demonstrated a noticeable 

difference in density given that the same VED was achieved using different combinations 

of laser power and scan speed. This demonstrates that while the correlation between VED 

and density may be fitted, optimization of the underlying power and scan speed can 

improve density further. 
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Figure 30: Density versus VED curves for each powder blend assessed in DOE-2. 

At the extremes (48 and 200J/mm3) for the base AlSi10Mg alloy, specimen density and 

hardness were comparatively poor, although noticeably lowest in the high VED case. 

Addition of 5% AlN contributed to lower density at the upper VED limit and comparable 

density at the lower limit. Addition of 10% AlN resulted in lower density at both lower 

and higher VED.  Overall, the lowest porosity was observed in specimens with inputs of 

240W, 1000mm/s and 240W, 1250 mm/s. The maximum density of the 0%AlN, 5%AlN-

C, and 10%AlN-C materials were 99.1%, 98.2%, and 97.9% of theoretical density, 

respectively showing a decrease in density with increasing AlN addition.
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Figure 31 shows the contour maps for hardness and density for the three chemistries 

examined in DOE-2. The expected correlation between density and hardness was observed. 

Additionally, these maps showed a discrepancy in the ideal processing parameters between 

the base alloy and the composites. With AlN addition, decreases in laser power and scan 

speed improved densification. In terms of hardness, the predicted region of HRE > 90 

increased with increasing AlN addition, despite an accompanying drop in density as AlN 

content increased, demonstrating a strengthening effect. Both density and hardness were 

favoured in the MMCs as laser power approached 180W and scan speed approached 

1000mm/s.  

 

High laser absorptivity of AlN [101] accompanied with lower thermal diffusivity of the 

metal-ceramic blends appears to reduce the power requirement necessary for melting; an 

effect that has been demonstrated for AlSi10Mg-SiC and AlSi10Mg-TiB2 AMCs [92] as 

well. Another possible contribution is the promotion of increased laser reflections within 

the powder bed due to the relatively high surface roughness of the ceramic additive [102].  

 

 

https://paperpile.com/c/KJH16c/jRlr
https://paperpile.com/c/KJH16c/mgF3r
https://paperpile.com/c/KJH16c/Admf
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                                    (a)                                                      (b)                                                   (c) 

 

   (d)     (e)            (f) 

Figure 31: Contour maps for density and HRE for 0%AlN (a, d), 5% AlN-C (b, e), and 10%AlN-C (c, f) as functions of laser power (W) and scan 
speed (mm/s), derived from DOE-2  

 

62 



63 
 

3.4.3 Effect of Ceramic Particulate Size (DOE-3) 

A build using a formulation of AlSi10Mg and 5%AlN-F was then conducted per the same 

power and scan speed levels established in DOE-2. The microstructure of a specimen 

subjected to each parameter set is shown in Table 20. LOF porosity was observed at the 

lowest volumetric energy density (48-60J/mm3) while extensive keyholing was 

associated with the high energy density (100-200J/mm3) range.  When VED was in the 

range of 80 J/mm3, the AMC product was near full density.  Micrographs of these highest 

density specimens exhibited only infrequent spherical gas pores. Gas porosity in 

aluminum AM is often caused by the dissolution and entrapment of surface oxides in the 

melt pool [103]. The thermodynamic stability of the aluminum oxide phase makes 

elimination of this effect unfeasible [104], but favourable compared to insufficient fusion 

between layers, as spherical pores are less detrimental to mechanical strength than those 

that are irregularly shaped [21].  It is notable that the Archimedes density measurements 

on specimen fabricated at 80 J/mm3 revealed values of 99.1% and 98.9% of full 

theoretical.  Past experience has shown that this technique generally yields a relatively 

conservative assessment of specimen density.  As such, the true density is likely high in 

keeping with the micrographs which demonstrate a very low concentration of residual 

porosity. 

 

Qualitatively, the AlN appeared to be well-distributed in the matrix.  This was viewed as 

a positive trait given that this can maximize stress distribution under load yet it can be a 

significant hurdle with fine ceramic additives, especially at higher scan speeds [94]. 

When wettability of the molten metal to the ceramic interface is poor, rejection of the 

ceramic to the melt pool boundaries can occur due to Marangoni convection forces [105]. 

Thus, successful particle rearrangement is suggestive of good wetting between the molten 

aluminum and AlN across the investigated parameter set.  

https://paperpile.com/c/KJH16c/CHfW
https://paperpile.com/c/KJH16c/S0mg
https://paperpile.com/c/KJH16c/8aSF
https://paperpile.com/c/KJH16c/9hH7p
https://paperpile.com/c/KJH16c/SIjM
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Table 20: Micrographs of 5%AlN-F specimens built in DOE-3. 

 
180W 240W 300W 

500mm/s 

   

750mm/s 

   

VED = 120 J/mm3 

VED = 133 J/mm3 VED = 107 J/mm3 VED = 80 J/mm3 

VED = 200 J/mm3 VED = 160 J/mm3 
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180W 240W 300W 

1000mm/s 

   

1250mm/s 

   

VED = 60 J/mm3 VED = 100 J/mm3 

VED = 64 J/mm3 VED = 48 J/mm3 VED = 80 J/mm3 

VED = 80 J/mm3 
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To evaluate the matrix-particulate interface, EDS mapping was conducted. Figure 32 

shows that, chemically, the ceramic and matrix areas remained distinct.  This implied that 

the ceramic remained solid while the matrix melted and solidified around it as the laser 

was rastered over the powder bed. Additionally, EDS mapping identifies the presence of 

a silicon rich fibrous network; this network serves a similar load bearing purpose to the 

ceramic additive in limiting dislocation movement under load [106]. 
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Figure 32: SEM images and accompanying EDS maps of a 5%AlN-F specimen. 

 

To examine the effect of ceramic particle size on component density and hardness, results from 

the 5%AlN-F specimens were compared to the 0%AlN and 5%AlN-C specimens from DOE-2. 

Figure 33 shows the relation between density and hardness as a function of VED for the 0%AlN, 

5%AlN-C, and 5%AlN-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/mm3; 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.   

Paul Bishop
Table 22 is effectively repeating the data shown in Fig 33.  I would eliminate the table completely as it really doesn't add much to the story and will likely be viewed as redundant.
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(a) 

 
(b) 

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%AlN-F formulation was selected for comparison with the 0%AlN 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%AlN specimens, while UTS and YS 

decreased by 6% and 17%, respectively. In comparison, the 5%AlN-F composite 

exhibited similar YS and UTS to the 0%AlN specimen despite having a measurably 

lower density of 97.1% as compared to 98.6% for the AlN-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 AlSi10Mg 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 ρ (%) E (GPa) UTS (MPa) YS (MPa) εmax (%) 

0%AlN AB 98.1 ± 0.7  63 ± 4 300 ± 22 208 ± 5 2.9 ± 1.0 

0% AlN SR 98.6 ± 0.6 58 ± 3 281 ± 5 173 ± 2 7.9 ± 0.9 

5%AlN-F SR 97.1 ± 1.0 64 ± 3 278 ± 7 177 ± 2 5.9 ± 1.2 

 

 
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 AlSi10Mg 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%AlN and 

5%AlN-F in closer detail. Here, notable differences in the microstructure were 
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https://paperpile.com/c/KJH16c/MiUfs
https://paperpile.com/c/KJH16c/YuJj
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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 α-Al matrix. Compared to the 0%AlN specimen, the addition of 5%AlN-

F does not appear to disrupt this network and appears to be completely distinct from the 

underlying microstructure. The interface between the AlN 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%AlN and 5%AlN-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.  

https://paperpile.com/c/KJH16c/QXI7
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Figure 35: Microstructure of (a) AB 0%AlN, (b) SR 0%AlN, (c) AB 5%AlN-F, (d) SR 5% AlN-

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/mm3 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%AlN-F specimens were successfully built with ρ > 98.5% 

● Comparing the 0%AlN and 5%AlN-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 AlSi10Mg 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 AlSi10Mg. 

● Both 0%AlN and 5%AlN-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 AlSi10Mg 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%AlN-F blend proved to have improved 

powder flowability in preliminary testing over the 5%AlN-C blend, spreadability of the 

MMC blends was observed to be poorer than the AlSi10Mg 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 AlSi10Mg and to identify any variations in these requirements as a result 

of the AlN 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%AlN. 

Firstly, the increase in porosity outside of the optimized processing window was more 

prevalent as AlN 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%AlN 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 AlN 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 AlN 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 AlN, 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%AlN-F tensile bars compared 

to both the 0%AlN 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. 

3. Electron back scatter diffraction (EBSD) can be utilized to determine the 

aluminum nitride’s functionality as a grain refiner. 

4. An examination of the 5%AlN-F fracture surface to determine the failure 

mechanism for this specimen 

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

resistance, should be pursued.   
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