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Conclusions

The microstructural characteristics of a GTA weld or additive manufacturing (AM) deposit can be easily adjusted to achieve optimal properties and to mitigate
solidification cracking if the composition of the filler wire can be finely manipulated. To this end, tubular wires cored with a custom powder fill can be manufactured.
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o Significant grain refinement and mitigation of solidification cracking are
observed with the addition of just 2 vol.% inoculant.

o In EBF3, the amount of porosity seems to increase with increasing inoculant
content, suggesting that non-wettable inoculant particles may assist in the
nucleation of pores. Differences in the source of porosity (Mg vs. H2) may
explain why this trend is not seen in L-PBF.

o Inoculant additions up to 10 vol.% increase the ultimate strength and strain
hardening rate of the composite materials. Inoculant additions are seen to
enhance the stiffness of these materials over that of wrought Al 6061.

Results and Discussion

Objectives and Approach

Background

What effect does the feedstock composition (varying 
inoculant content) have on the resulting microstructure and 
mechanical properties?

• Amount of inoculant formed
• Heterogeneous nucleation sites
• Energy released

• Columnar vs. equiaxed
• Refined grain size
• Porosity

Reaction synthesis Microstructure

Fig. 3  Schematics of the EBF3 (left) and L-PBF (right) AM processes.

Fig. 4  Photographs of the EBF3 builds (left) and L-PBF (right) test specimen builds as-printed.
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o Al alloy metal matrix composites (MMCs) offer superior mechanical properties
for aerospace applications, including enhanced stiffness and thermal stability[1].

o Conventional manufacturing is ill-suited for parts requiring
o Complex geometry
o Short lead time
o Small production runs

o The finely dispersed ceramic and
intermetallic inclusions in an Al MMC can
also improve weldability and mechanical
properties by reducing solidification
cracking through grain size refinement
and formation of equiaxed grains.

o Metal matrix composites (MMCs) can be
formed in an AM deposit or weld pool by
adding a reactive, ceramic-forming
powder to the core of a powder-cored
tubular wire (PCTW).

o The goal in PCTW manufacturing is to optimize ceramic content to reach the
desired mechanical properties while mitigating solidification cracking,
achieving uniform dispersion of the ceramic reinforcement, and producing a
refined, equiaxed microstructure[2,3].

Fig. 1 AM-produced impeller made of 
Al 2024 with 10% ceramic 

reinforcement – Courtesy Elementum3D.

Al MMCs + AM = better materials
performance and direct cost savings!

Fig. 5 EBSD IPFs for Al 6061 MMCs with varying inoculant content. Significant grain 
refinement occurs with the addition of just 2 vol.% of inoculant. Addition of 10 vol.% 

inoculant does not further refine grain size due to increased heat released during reaction. 
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Fig. 6 (left) Percent density obtained from computed tomography and Archimedes density 
measurements compared with theoretical densities for the given MMC. For EBF3, a clear 

trend is seen in decreasing percent density with increasing inoculant content. (right) Pore 
aspect ratio vs. pore diameter (via CT). These results indicate a likely influence of non-

wettable inclusions on assisting the nucleation of Mg vapor pores in EBF3.

Fig. 8 True stress vs. true strain curves for a) EBF3 and b) L-PBF deposits. For both 
processes, the 10 vol.% material exhibits a much higher strain hardening rate, suggesting 
the presence of very hard, fine particles. The T6 heat treatment increases both the yield 
strength and strain hardening rate of the L-PBF deposits. c) Substantial improvements in 

the specific modulus are observed for both AM processes.
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Fig. 2  Schematic of the reaction synthesis process. Large powder particles undergo an 
exothermic reaction with each other during the melting of the Al matrix, producing fine ceramic 
and intermetallic particles that act as inoculants for newly solidifying grains. EBSD from Ref. 4.

Via reaction synthesis, very fine
inoculant particles can be created in situ to
produce a refined, equiaxed grain structure
that is resistant to solidification cracking.

Inoculant-containing feedstocks are seen to significantly refine the grain structure
of the solidified Al 6061 and to lessen the extent of solidification cracking.

The amount of inoculant appears to correlate with the amount of porosity present
in the EBF3-produced materials.

Inoculant-containing feedstocks greatly increase the strength and specific modulus
of these materials over that of wrought Al 6061.

Fig. 7 The inclusions created by 
the reaction synthesis process 
posses significantly different 

diameters depending on the AM 
process (left, EBF3; right L-PBF). 
Along with differences in cooling 
rates, this will affect the ability of 

these inclusions to 
heterogeneously nucleate grains.
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