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ABSTRACT 
 
 
 

 Electron Beam Freeform Fabrication (EBF3) is a technique, developed at NASA Langley 

Research Center (NASA-LaRC), which uses a computerized numerical controlled electron beam 

welder and a wire feed system to fabricate large scale aerospace parts. Advantages of using EBF3 

as opposed to conventional manufacturing methods include decreased deign-to-product time, 

decreased wasted material, and the ability to adapt controls to produce geometrically complex 

parts. The EBF3 process is compatible with a range of aerospace alloys and material properties of 

parts produced by this process have been shown to be comparable to wrought products. 

However, to fully exploit the potential of the EBF3 process, development of materials tailored for 

the process is required. This research used alloy theory, as well as powder cored tubular wire 

technology, to develop aluminum based metal matrix composite feedstock for the EBF3 system.    

 Five iterations of powder cored tubular wire were made using silicon carbide particulates 

with different surface conditions. Uncoated particles, as well as particles with high and low 

amounts of copper and nickel coatings, were incorporated into the powder core. Single and 

multiple layer deposits were made using each wire. Beam conditions were varied for each wire to 

determine the optimal combination of feedstock material and electron beam parameters required 

to create a uniformly distributed metal matrix composite deposit using EBF3.  

 Completely uniform dispersion of the reinforcement particles was not achieved in the 

matrix, however, it was determined that nickel additions enhanced particle dispersion as well as 

mitigated solidification cracking and secondary carbide formation. It was also determined that 

using a lower energy beam also promotes dispersion and mitigates secondary carbide formation. 

Computational models were created to predict phase transformations and particle dispersion in 

the matrix for various conditions. The thermodynamic and fluid dynamic models were able to 

describe trends observed through characterization of EBF3 depositions. Results collected from 

characterization of the deposits as well as trends observed in the models can be used to plan 

future iterations of powder cored tubular wire feedstock, as well as deposition parameters, to 

create homogeneous metal matrix composite structures by Electron Beam Freeform Fabrication. 
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  INTRODUCTION 

Solid freeform fabrication is becoming a highly favorable technology in the additive 

manufacturing industry. The ability to incorporate material as required allows for the production 

of highly intricate parts with little excess material, making it particularly efficient when 

manufacturing complex, expensive parts. In addition to manufacturing, solid freeform fabrication 

processes can be used to extend the service life of damaged parts by repairing locally rather than 

replacing entire parts. Many solid freeform fabrication techniques have been developed to create 

large scale parts for use in aeronautics and aerospace applications. NASA’s Electron Beam 

Freeform Fabrication (EBF3) system uses a computerized numerical controlled (CNC) electron 

beam welder with a manipulating stage and a multiple wire feed system to create large scale 

parts. The ability to use multiple wire feedstocks of different compositions is a major advantage 

of the EBF3 system enabling the ability to introduce different materials to achieve the best 

performance in critical sections of a large part.  

Currently, there is a push in the commercial aircraft industry to reduce fuel consumption 

with new aircraft designs. One way to reduce fuel consumption is to reduce the overall weight of 

the aircraft which can be accomplished through the use of improved materials and more efficient 

designs. Typical aircraft fuselage structure is multi-piece construction with spars and ribs riveted 

to thin sheet (Figure 1.1a). Typically, fuselage skins are 2XXX series aluminum alloys for high 

toughness and spars and ribs are 7xxx series aluminum for high strength. Unitized structural 

concepts (Figure 1.1b) eliminate fasteners which reduce manufacturing costs and time.  

However, machined unitized structures are fabricated from a single material, making it 

impossible to fulfill the toughness and strength requirements of conventional airframe fuselage 

structure. Advanced manufacturing methods such as EBF3 are being implemented to enable 

single-piece fabrication by depositing stiffeners directly onto the fuselage skin, eliminating the 

fasters and reducing manufacturing costs. EBF3 enables advanced design concepts, illustrated in 

Figure 1.1, that combine novel stiffeners following the load paths with graded material 

composition to locally tailor properties. These concepts offer the potential for improved 

structural performance which translates to reduced structural weight. The alloys used in 

conventional airframe structures are generally not amenable to joining by fusion methods, 

consequently alternative materials are needed to realize the potential of advanced concepts 
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produced by EBF3. Powder core wire technology has been investigated as a method to produce 

custom chemical composition feedstock for the EBF3 process and has demonstrated success with 

aluminum and titanium alloys [1], [2]. Powder cored tubular wire technology, can be used to 

adjust alloy composition and produce specialty materials which, combined with process 

parameter adjustments, produces deposited material with properties tailored for specific service 

requirements.  

The major objective of this research was to develop and manufacture metal matrix 

composite powder cored tubular wires to have a target as-solidified composition of 6061/SiC/10p 

when deposited using EBF3. Kinetic and thermodynamic models were created to predict the 

behavior during solidification. Custom alloyed wires were manufactured with coated 

reinforcement particles in the powder core to create a composite structure using EBF3.  

 

 

Figure 1.1  Metallic airframe structural concepts; (a) conventional built-up, (b) unitized, and 
(c) functionally graded, curvilinear stiffened [1]. 
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  LITERATURE REVIEW 

This chapter gives a comprehensive literature review which was used to develop the 

research and experimental procedures of the project.  

2.1 Solid Freeform Fabrication Processes and Applications 

Additive manufacturing is a process of producing solid objects, or parts, through a 

buildup of material to create a product rather than machining or multi-piece assembly. This 

technique uses joining process, such as sintering, melting, or welding to deposit material onto a 

base until the desired three-dimensional shape is achieved. Solid Freeform Fabrication (SFF) is a 

layer-additive manufacturing process that produces near-net shape parts by depositing feedstock 

such as wire, powder, or sheet, on a substrate in layers of finite thicknesses, as per a computer 

aided design (CAD) model [2], [3].  

Solid Freeform Fabrication was originally developed for nonmetallic materials, 

specifically polymer-based feedstocks to fabricate models and patterns for molds used in casting. 

These are typically made by stereolithography or selective laser sintering (SLS) processes, 

commonly known as 3-D printing. SFF technology has since been expanded to incorporate 

metallic systems. Processes such as Electron Beam Freeform Fabrication (EBF3), Direct Metal 

Deposition (DMD), and Laser Engineered Net Shaping (LENSTM) have all been developed to 

incorporate metal systems. These processes can be utilized to create near-net shaped parts, or for 

repair or detailing of previously manufactured parts [2], [4].  

The potential advantages gained by SFF technologies are desired in many emerging 

technologies. Many SFF processes require less energy, optimize material usage and design-to-

production time, while often enhancing material properties. The benefits can equate to a 

difference in costs for industries such as aerospace or medical instrumentation, where specialty 

and often expensive materials are used. Casting requires fixtures and molds to form a final part. 

Often, the surface finishes and tolerances are not to specification so subsequent machining is 

required. Forgings require dies and heavy machinery to form the desired shape; excess 

machining is often required to finish the part. The amount of energy to melt large amounts of 

metal for casting, or to heat and forge a part is significantly higher than SFF processes. 

Conventional machining of parts requires fixturing and tooling to cut away unwanted material. 

These operations also require high tolerances in many applications. SFF technologies generally 
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requires less machining to create the final product than conventional manufacturing processes, 

which results in less wasted material and shortened lead time. The buy-to-fly ratio (ratio of 

purchased raw materials to the amount of material in the final part) for traditional manufacturing 

methods can be as high as 14:1 to  20:1, where as little as five percent of the initial material is 

used in the final part. SFF technologies can have a buy-to-fly ratio of 2:1 where up to half of the 

original material is retained in the final part. SFF technologies also offer improved 

microstructural and mechanical properties as compared to those of large parts produced by 

traditional methods. Localized heating and cooling of layers in SFF leads to refined 

microstructures and mitigates compositional segregation observed in many large cast parts where 

cooling rates differ between the middle of the part to the surface [2], [5].  

2.1.1 Electron Beam Freeform Fabrication (EBF3) 

 Electron Beam Freeform Fabrication (EBF3) is an emerging SFF technology under 

development at the NASA Langley Research Center. The EBF3 process uses a focused electron 

beam in a high vacuum environment to create a localized molten pool on a base plate. Wire 

feedstock is introduced into the pool and deposited in a layer by layer fashion as shown in Figure 

2.1. The relationship between the wire, beam and travel direction can be varied to support 

deposition of complex shapes. A typical wall-shaped build is shown in Figure 2.2. The electron 

beam system is approximately 100% efficient in wire consumption and 95% efficient in power 

usage. EBF3 is capable of a wide range of deposition rates (up to 14 kg/hr.) and part details 

depending on the process parameters and size of wire used [2]. The EBF3 system has a six axis 

positioning system to make a wide range of near-net shaped parts, such as an aerodynamic model 

(a), an airfoil (c), or an rocket nozzle vent (f),  shown in Figure 2.3 [6]. Dual wire feed capability 

enables grading material composition throughout the parts. 

2.2 Alloy Systems Used in EBF3 

 The EBF3 technology was developed primarily for aerospace applications as a way to 

make parts and repairs in both terrestrial and space environments. The materials compatible with 

the EBF3 process for these applications include aluminum alloys, titanium alloys, nickel based 

super alloys, and stainless steels. Other aluminum alloys being explored include aluminum 

matrix composites. Tensile properties of commercial Al 2219 and Ti-6Al-4V alloys to those of 

deposits made using the EBF3 system that have been gathered to confirm that the EBF3 process is 
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comparable to commercial production methods. Figures 2.4 and 2.5 show that the EBF3 deposits 

exhibit comparable tensile properties to those of wrought and cast products of the same material 

[7]. 

 

Figure 2.1  Schematic of the EBF3 process in the vacuum chamber, showing the layer-
additive concept as the wire is deposited [2]. 

 

 

Figure 2.2  The constant EBF3 coordinate system. The longitudinal direction (L) is parallel to 
the direction of travel; the short transverse direction (S), or direction across the 
width of the deposit; the long transverse direction (T) is the direction normal to 
the surface of the baseplate [6]. 
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Figure 2.3  Examples of aluminum and titanium parts created using the EBF3 system [2], [6]. 

 

  

 

Figure 2.4  Tensile properties of EBF3 deposited 2219, with and without heat treatment, as 
compared to typical handbook values for 2219 Al plate [7]. 
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Figure 2.5  Tensile properties of EBF3 deposited Ti-6Al-4V as compared to standard grade       
Ti-6Al-4V [7]. 

 

2.2.1 Previous work on EBF3 by the Colorado School of Mines 

Typically, monolithic wires of the final as-deposited composition are used in the EBF3 

system.  Due to the high energy density of the electron beam and the vacuum environment in 

which the deposition is conducted, vaporization of alloying elements from the molten pool is 

common for the EBF3 process. As such, the final component is often depleted in alloy additions 

with high vapor pressure, making the final part out of compositional specification. Custom 

alloyed powder cored wires have been developed with alloy enhancements to mitigate alloy 

losses during deposition, however, the production of these wires can result in higher cost. [2]. C. 

Hillier developed powder cored tubular wires consisting of a pre-alloyed metallic sheath filled 

with powder additions for mitigating vaporization losses as an economical alternative. Titanium-

based powder cored tubular wires were developed to mitigate aluminum vaporization loss during 

the deposition of Ti-6Al–4V. Aluminum-based powder cored tubular wires were developed to 

mitigate magnesium vaporization loss during Al 6061 alloy deposition. EBF3 deposits of both 

wires resulted in comparable composition and deposit characteristics to deposits made with solid 

wires with the exception of porosity. The high amounts of porosity in the deposits made using 

powder cored wires was attributed to entrapment of lubricant (hydrogen contamination) during 
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wire processing. With modifications to processing conditions the powder cored tubular wires 

were shown to be a viable alternative to solid wires [2].  

Parts made using EBF3 can meet specifications originally written for conventional 

processing techniques. However, some alloys are prone to coarse-grained microstructures and 

anisotropy due to epitaxial growth in the deposition direction. In the Ti-6Al-4V alloy, β grains 

grow epitaxially, creating crystallographic textures in the structure. Beam modulation was used 

in the EBF3 system to dynamically control the weld pool and decrease the overall β grain size in 

the deposit [5]. A modified Ti-6Al-4V powder cored wire feedstock was developed as an 

alternative method for β grain refinement and epitaxial growth interruption. The powder core 

consisted of iron and boron additions. The resulting microstructures resulted in β grain 

refinement and an increase in β phase due the iron additions. The addition of boron resulted in 

boride precipitation in the β matrix which acted as pinning points for further grain refinement 

and epitaxy interruption. Both methods proved to be effective in controlling the microstructure 

during deposition and in improving mechanical properties of EBF3 deposits [5].  

2.3 Aluminum Alloys 

 Aluminum alloys are highly sought after in the aerospace field due to their high strength-

to-weight ratio and cost effectiveness.  Through the addition of alloying elements, different 

properties can be achieved and tailored to fit specific applications. Properties desired for 

aluminum alloys include strength, toughness, ductility, stiffness, corrosion and wear resistance. 

Aluminum alloys are divided into two categories: wrought alloys and cast alloys. These 

categories are designated by an XXXX or XXX.X number sequence, respectively. The first 

number designates the main alloying element(s) present in the aluminum as shown in Table 2.1 

[8]. The aerospace industry mainly uses heat treatable wrought alloys, 2XXX, 6XXX, 7XXX, 

and 8XXX, and primarily A357.0 and A201.0 for cast alloys. Heat treatable wrought alloys are 

used for their ability to refine grain structure and control properties such as strength and 

toughness. Cast alloys A201.0 and A357.0 are used because they produce ingots with tensile 

properties of up to 350 MPa and 420 MPa, respectively [9].  

The EBF3 process has used 2XXX series aluminum alloys for deposition, specifically 

2219. Al 2219 alloy is a 6 wt. % copper alloy commonly used in the aerospace industry for its 

excellent weldability and good strength and toughness over a broad range of temperatures; 

ultimate tensile strength values for Al 2219-T6 alloy is on the order of 400 MPa [9]. Al  7XXX  
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Table 2.1:  Designation of aluminum alloys [8]. 

Wrought Cast 

Alloying 

element(s) 

Aluminum 

Association 

Number 

Designation 

Alloying 

element(s) 

Aluminum 

Association Number 

Designation 

Aluminum, 

≥ 99.00% 
1XXX 

Aluminum, 

≥ 99.00% 
1XX.X 

Copper 2XXX Copper 2XX.X 

Manganes

e 
3XXX 

Silicon- (Cu 

and/or Mg) 
3XX.X 

Silicon 4XXX Silicon 4XX.X 

Magnesiu

m 
5XXX Magnesium 5XX.X 

Magnesiu

m-Silicon 
6XXX Zinc 7XX.X 

Zinc 7XXX Tin 8XX.X 

Other (Li, 

B, Zr) 
8XXX Other 9XX.X 

 

series alloys are used in areas where even higher strength is required; for example, Al 7075 alloy 

has an ultimate tensile strength of approximately 570 MPa. Al 6061 alloy, the most commonly 

used alloy across multiple industries, including the aerospace field, has a tensile strength of 

approximately 300 MPa. The aluminum alloys of interest for use in the EBF3 system are the 

2219 and 6061 alloys. Al 2219 alloy is considered a highly weldable alloy whereas Al 6061 alloy 

requires filler material to reduce crack susceptibility which is attributed to the differences in 

compositions of the alloys, shown in Table 2.2 [8].  

2.4 Aluminum Based Metal Matrix Composites 

 Metal matrix composites (MMC) were developed using lightweight materials such as, 

aluminum and titanium, with a wide variety of continuous and discontinuous reinforcements to 

increase such properties as strength, stiffness, impact resistance, and wear resistance while 

maintaining a low density [10]. The composite reinforcements are generally divided into three 

categories: continuous fibers, discontinuous fibers (whiskers), and particulates. Particle-

reinforced MMCs have become the most commonly used due to the competitive costs of 
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Table 2.2:  Composition (ranges) of Al 2219 and Al 6061 alloys [8].  

AA Alloy 

Designation 
Composition (% wt.) 

Element Si Fe Cu Mn Mg Cr Zn V Ti Other Al 

2219 0.20 0.30 
5.8-

6.8 

0.20-

0.40 
0.02 - 0.10 

0.05-

0.15 

0.02-

0.10 

0.25-

0.40 
Bal. 

6061 
0.40-

0.80 
0.70 

0.15-

0.40 
0.15 

0.80-

1.2 

0.04-

0.35 
0.25 - 0.15 0.15 Bal. 

 

processing, the relative ease to manufacture these composites, and the improvement of isotropic 

distribution compared to that of fibers and whiskers. The properties of particle (dispersion) 

reinforced MMCs depend on the diameter of the particles, the inter-particle spacing, the volume 

fraction of the reinforcement, and the matrix-reinforcement interface. The work hardening 

coefficient and other matrix properties can also contribute to the properties of the MMC [10].  

 Aluminum-based metal matrix composites are generally composed of an aluminum alloy 

matrix with either a fiber or particulate reinforcement. The nomenclature for aluminum metal 

matrix composites is given by ANSI 35.5-1992 standard [11]. For example, 6061/SiC/10p-T6 

consists of Al 6061 alloy matrix, with 10 vol. pct. of silicon carbide reinforcement in particulate 

form, and heat treated to a T6 condition [11]. The 2xxx and 6xxx series aluminum alloys are the 

most commonly used base alloys in Al-MMCs. Examples of particulate reinforcements used in 

aluminum-based composites are oxides (Al2O3), carbides (SiC), silicides (VSi2), borides (TiB2) 

and refractory metals (Cr, W) [12].  

 Particulate reinforced aluminum metal matrix composites are currently produced 

commercially for industrial use. One method of production is by powder metallurgy. The 

aluminum alloy used as the matrix is produced and processed to powder form. The composite 

particulates are then blended with the aluminum alloy powder to a uniform distribution. The 

blended powder is sintered then pressed into the final geometry. Alternatively, casting methods 



11 
      

are used to produce aluminum MMCs on a large scale. The aluminum alloy is melted and is held 

at a super-heated temperature to achieve a high viscosity. The reinforcement particulates are then 

introduced while the melt is stirred to stimulate uniform dispersion in the melt. Some composites 

require a metal or oxide coating on the reinforcement particles to further promote dispersion and 

increase the interfacial bond strength between the particles and matrix.  

2.4.1 SiC Reinforced Aluminum Alloys and Their Properties 

 Silicon carbide reinforced aluminum is becoming more widely explored as an alternative 

material where properties such as low density, high strength and good wear resistance are 

required. Typically, Al/SiC MMCs have been created using 2XXX and 6XXX series wrought 

alloys or 3XX.X series cast alloys as the matrix. Researchers generally work with volume 

fractions of particulate SiC reinforcement between 10-20% [13]. Average particulate sizes range 

from approximately 7 - 100 μm as reported in the literature [13]. The effects of 50 μm SiC were 

studied on the properties of pure aluminum. Samples containing 5, 10, 15 and 20 vol. % SiC 

exhibited increasing ultimate tensile strength from approximately 80 MPa to 180 MPa with 

increasing volume fraction of the silicon carbide particulates [13]. Hardness also increased while 

impact toughness decreased. It was also found that failure occurred as de-cohesion of the 

reinforcement followed by ductile failure of the matrix. Increased volume fraction of the 

particulates reduced grain size of the matrix. Examples of uniformly dispersed aluminum based 

MMCs are shown in Figure 2.6. 

Using the powder sintering process, aluminum powder was pressed and sintered with 0 to 

30 wt. % SiC particles in 5 wt. % increments. The materials were sintered at temperatures 

ranging from 650ºC to 900ºC in 50ºC increments. The parts were tested under compression. It 

was found that strength increased from 300 MPa for the 5 wt. % SiC samples to 350 MPa for the 

15 wt. % SiC samples, then decreased (with increasing volume fraction) to 200 MPa for the 30 

wt. % SiC samples. This drop in strength is caused by clustering of the silicon carbide particles 

which creates voids and crack initiation points. Samples containing more than 15 wt. % SiC 

particles exhibited brittle failure during testing and incomplete bonding was observed in the 

microstructure [14].  The effects of reinforcement size and coating were studied on samples of 

pressed and sintered Al 6061 alloy with 10 wt. % silicon carbide particles. Samples contained 
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Figure 2.6 Light optical photographs of the microstructure at 50X; (a) Al-10%SiC, (b) Al-
20% SiC [13]. 

 

uncoated and copper coated silicon carbide with a particle size of 7 or 23 µm. Results of the 

tensile tested samples showed that the copper coating increased the strain to failure and slightly 

increased the tensile strength. However, it was shown that the smaller particle size increased the 

strength by 60 MPa [15].  

2.4.2 Potential Defects in Silicon Carbide Reinforcement of Aluminum  

 Aluminum based MMCs can contain between 1 and 60% volume fraction of 

reinforcement although most research on the subject has been conducted on Al/SiC MMCs with 

a volume fraction between 10 and 30% [12]. A major problem of processing Al/SiC MMCs is, as 

with most other composites, the poor wettability of the composite to the matrix. This poor 

wetting enhances the tendency for the SiC particles to agglomerate [13]. Increased volume 

fraction also adversely affects the wettability of SiC to the aluminum matrix [16]. Due to the 

reactivity between the reinforcement particle and the matrix, SiC or graphite based 

reinforcements can form aluminum carbide (Al4C3) by one of the two possible reactions: 

3SiC(S) + 4Al(L) = Al4C3(S)  +  3Si(Al)     (2.1) 

3C(S) + 4Al(L) = Al4C3(S)       (2.2)  

 
near the interface of the reinforcement and the matrix [17], [18]. These reactions tend to occur at 

temperatures above 650ºC [19]. Aluminum carbide at the Al-SiC interface is susceptible to 
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corrosion in aqueous environments, resulting in porosity and crack nucleation sites that will 

cause a decrease in mechanical properties [17]. The presence of aluminum oxide forms a 

boundary layer which leads to non-wetting of carbides by the aluminum. The particle size of the 

reinforcement can also affect the wettability by the matrix. Smaller particles exhibit larger 

surface areas requiring higher surface energy for the matrix to conform to the particles. Smaller 

particles also agglomerate readily due to their high surface area [20]. 

 Copper, magnesium, silicon, titanium and nickel have been known to enhance the 

wettability of the SiC in the matrix. Copper and magnesium can form spinels in the presence of 

aluminum oxide by the reaction: 

 
3Mg(Cu) + 4Al2O3 = 3Mg(Cu)Al2O4 +  2Al             (2.3) 

 
The formation of these spinels can enhance the wettability of the reinforcement, mitigating the 

amount of agglomeration of the particles [17]. Copper can also form a fluid Al-Cu eutectic liquid 

that can fill pores and voids. An infiltration kinetics study was conducted to determine the effect 

of nickel coating on the wettability of silicon carbide in the matrix. Initial results showed that 

nickel coating prevented the formation of aluminum carbide in the aluminum matrix and 

enhanced interfacial bonding between the reinforcement and the matrix [21]  

 Methods such as coating the SiC particles, or the incorporation of a filler material with 

higher amounts of coating elements have been explored to increase the wettability and coherency 

of the SiC in the matrix [17]. Filler aluminum alloys used in welding of Al 6061 alloy can be 

implemented in the melting or joining of Al 6061 alloy-based MMCs. The high magnesium 

content of Al 5356 alloy increases the wetting of the reinforcement, particularly with Al2O3, 

whereas the higher silicon content in Al 4043 alloy will suppress the formation of Al4C3 by 

stabilizing the silicon carbide. Problems may arise if the silicon content becomes too large due to 

coarsening of the silicon phase during solution heat treatments [17]. 

2.5 Welding and Solidification of Aluminum Alloys 

 Traditional methods for welding aluminum are gas tungsten arc welding (GTAW) and 

gas metal arc welding (GMAW), with gas tungsten arc welding in alternate current (AC) mode 

the preferred process. High energy density welding processes such as electron beam welding and 

laser welding are also prominent for welding aluminum alloys. This section will focus on gas 
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tungsten arc and electron beam welding. Aluminum rapidly forms an oxide layer in the presence 

of any amount of oxygen. This oxide is insoluble in the aluminum metal and inhibits wetting and 

penetration by deposits of filler metal, therefore, the oxide layer must be broken to allow for 

substantial fusion and wetting. High heat inputs are required for melting or welding of aluminum 

due to its high thermal and electrical conductivities. Because aluminum is non-magnetic, the 

welding arc or electron beam is not interfered as in welding of ferrous alloys [22]. 

 Heat-treatable aluminum alloys are most commonly used in the aerospace industry 

(2XXX, 6XXX, 7XXX). This section will focus on the 2XXX and 6XXX series alloys and their 

weldability. Crack sensitivity is a major factor when welding or melting aluminum alloys. Since 

aluminum has a high coefficient of thermal expansion, which leads to a large volume change 

during solidification, a wide solidification temperature range leads to crack sensitivity. This 

sensitivity is increased in heat-treatable aluminum alloys due to the high amounts of alloying 

additions in the melt. This cracking can be divided into two categories: solidification cracking 

that is observed in the center of the melt or terminal craters and liquation cracking that occurs 

along the fusion line and in the heat affected zone adjacent to the melt [17]. Solidification 

cracking is mainly attributed to thermal stresses along with composition of the alloy. High heat 

inputs are also believed to contribute to solidification cracking. Electron beam welding, which 

has a minimal heat input, should reduce crack sensitivity [23]. The primary method for 

controlling crack sensitivity is, however, by controlling melt composition through alloy 

additions. Figure 2.7 shows the crack sensitivity as a function of weld composition for various 

binary alloys [17]. More complex alloy systems may be more sensitive to minor alloying editions 

by widening the solidification temperature range. Figure 2.8 shows the effect of alloying 

elements on crack sensitivity in a ternary (Al-Cu-Mg) system and a quaternary (Al-Mg-Si-Cu) 

system. These experimental results can be applied to the 2219 and 6061 aluminum alloys.  

Liquation cracking occurs in the heat affected zone when constituents with low melting 

points liquate at the grain boundaries [31]. Heat-treatable alloys have high amounts of alloying 

additions which can form low melting eutectic phases, making liquation cracking a concern 

during welding. 
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Figure 2.7  From top to bottom: experimental results crack sensitivity of 8XXX [24], 4XXX 
[25], 2XXX [26], 5XXX [27], and 6XXX [28] series alloys.  

 

Figure 2.8  The crack sensitivity of (Al -Cu-Mg) system [29], and (Al-Si-Mg-Cu) system [30].  

 

 Al  2219 alloy can be welded with or without a filler metal; Al  2319 is a common filler 

used when required. Al 2319 has a similar composition to Al 2219 alloy but with some additions 

of silicon and iron to accommodate vapor loss and increase fluidity during welding and titanium 

for grain size control. Al 4043 alloy with 5 wt. % Si addition can also be used but may result in 
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low ductility. Al 5XXX series filler alloys are not recommended due to the increase of crack 

susceptibility with increasing magnesium content as seen in Figure 2.8. Al 6061 alloy has 

relatively high crack susceptibility, shown in Figure 2.8, therefore, welding this alloys requires 

some filler material to decrease crack susceptibility. Generally, either Al 5356 alloy with 5 wt. %  

Mg additions or Al 4043 alloy is used as a filler metal for welding Al 6061 alloy. Both filler 

alloys replenish magnesium and silicon that vaporize during welding and stabilize the 

composition to reduce cracking susceptibility.  

 As with all aluminum alloys, MMCs must be cleaned and maintained in a shielded 

environment during joining. The reinforcement particles can affect several variables during 

welding. Since the reinforcement does not melt, or fully melt, the weld pool remains more 

viscous than monolithic aluminum, thus, the weld pool does not wet as readily with the base 

material [32]. Heat flow is also affected due to the differences in thermal conductivity and 

thermal expansion coefficients between the matrix and the reinforcement and can affect resulting 

microstructures and stress distributions in the weld. Chemical reactions can also occur during 

melting. Aluminum carbide can form at the interface at high temperatures as described by Eq. 1 

and 2. The increase of silicon activity because of its addition to the aluminum melt may inhibit 

the formation of aluminum carbide. Filler material with high silicon content (4XXX series) is 

recommended for joining aluminum based MMCs. Solidification can also be affected by the 

reinforcement. Below a critical solidification rate, the particles are pushed ahead of the 

solidification front causing them to agglomerate in the last regions to solidify. This partitioning 

can locally hinder heat flow and cause a decrease in microsegregation which decreases the 

amount of secondary phases to form [33].  

 Gas tungsten arc welding and electron beam welding are both suitable processes for 

joining most SiC reinforced aluminum composites. For the GTAW process, a filler wire is 

recommended to suppress aluminum carbide formation. Alloys 4043, 4045, and 4047 are 

recommended for this purpose. Al 4045 and Al  4047 would be more effective in suppressing 

aluminum carbide formation but may not be suitable for heat treatment due to coarsening of the 

silicon phase [34]. For the GTAW process parameters, a balanced or penetrating arc allows for 

the particles to penetrate into the weld and result in an improved bead profile. Electron beam 

welding of Al-MMCs resulted in a decrease in aluminum carbide formation, fine grain size and 

even distribution of reinforcement particles compared to laser beam welding. Higher travel 
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speeds and sharper beam focus were observed to create less aluminum carbide [35]. Laser beam 

welding is not recommended for silicon carbide reinforced aluminum composites due to the 

optical properties of the material. Aluminum reflects the light of the laser beam, whereas silicon 

carbide absorbs the light. The energy from the laser becomes concentrated near the silicon 

carbide particles, decomposing them and increasing the formation of aluminum carbide in the 

matrix [35].  

2.6 Application of Fluid Mechanics to Predict Particle Dispersion in Metal Matrix 

Composites 

Solidification of metal matrix composites can be modeled using fluid mechanics of 

insoluble particles suspended in a liquid [36]. A thermodynamic model was created to predict the 

critical interface velocity (vcr) for dispersion in the matrix. Insoluble particles are pushed ahead 

of the solidification front to the final freezing regions when the velocity is below the critical 

velocity. When the velocity is higher, the particles will become engulfed [37]. This behavior can 

also be affected by other interaction variables such as viscosity of the liquid metal, interfacial 

energies of wetting, density of the liquid, degree of convection in the liquid, particle shape and 

density, and the volume fraction of particles [38]. Force balances from fluid mechanics can be 

used to determine the buoyancy of a particle in the liquid metal, given by Equation 4 [39].  

                     �� + �� = ��                            (2.4) 

where Fs is the buoyancy force, Fk is the friction force and Fw is the force due to gravity. This 

equation can be expanded to: 

 
43���3�1� + 6�����1 =

43���3���                (2.5) 

 

where rp is the particle radius, ρ1 is the liquid density, η is the viscosity of the liquid, v1 is the 

liquid velocity, ρp is the particle density and g is the acceleration due to gravity. In this equation 

the reinforcement particles are assumed to be spherical. In this system the liquid velocity of the 

melt required to suspend a particle (if the particle density is greater than that of the fluid) is given 

by Lajoye and Suery [40]: 

  �� =
2���−�1��∗��29�            (2.6) 

 

If the density of the liquid is greater than the particle the density values are switched and the 
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steady state velocity will be given by:  ��� =
����−����∗�����     (2.7) 

 

If the velocity of the particles moving in the melt pool is greater than the steady-state velocity of 

particles suspended in the same liquid under equilibrium, the particles should disperse. If the 

melt pool velocity is less than that of the steady-state velocity, the particles will be pushed ahead 

of the solidification front and agglomerate. Woods and Milner proposed that fluid motion is 

caused by the Lorentz force and the molten pool velocity is directly proportional to the square of 

the arc current, as shown below: 

                 ��� ∝  �2            (2.8) 

 

If the molten pool velocity is greater than the steady-state liquid velocity, dispersion is to be 

expected. If the opposite is true the particles will sink or float, depending on density, and 

agglomeration is more probable [40]. 
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  EXPERIMENTAL PROCEDURE 

This chapter introduces the experiments conducted for this research. The procedures for 

these experiments are discussed below.  

3.1 Powder Cored Tubular Wire Manufacturing 

The EBF3 wall builds were made using a set of experimental powder cored tubular wire 

feedstock developed and manufactured at the Colorado School of Mines. The powder cored 

tubular wires (PCTW) are manufactured using 0.406 mm thick x 12.7 mm wide, Al 5052 alloy 

sheath material and filled with a powder mixture of silicon carbide particulates and elemental 

alloying additions to achieve the desired 6061/SiC/10p final composition. The wire forming 

process begins by feeding the aluminum sheath into a rolling mill, shown in Figure 3.1, which 

forms the sheath to accept the powder, fills the tube with the powder and seals the tube using a 

lap-joint method. A motorized capstan is used to continuously pull the sheath through the 

forming rolls until the powder is completely used. Figure 3.2 illustrates the forming steps used to 

create and seal the PCTW.  

 

 

Figure 3.1 Photograph of the tubular wire mill showing the A) forming rolls and B) powder 
feed system. 

 

B 

A 
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Figure 3.2  Tubular wire mill forming schematic showing the formation of the tubular wire 
and powder filling.   

 

The powder is fed into the wire as the sheath passes between the third and fourth rolling 

dies by a belt fed conveyor system, shown in Figure 3.3. The conveyor belt is calibrated to fill 

the sheath with a 16 pct. fill ratio to achieve optimized compaction upon completion of the wire 

manufacturing process [2]. Incorrect fill ratios may lead to under-filling or over-filling of the 

wire. Under-filling would result in powder shifting and segregation. Over-filling would lead to 

localized stress risers and abrasion, which can result in wire breakage during further processing. 

After powder filling, the final rolling dies close the sheath by creating a lap-joint and the seal is 

closed off. The final diameter of the wire after it leaves the closing dies is 4.32 mm illustrated in 

Figure 3.4. The powder is still loose inside the wire at this diameter; to eliminate powder 

shifting, a preliminary wire reduction to 2.54 mm is applied.  

The wire must be further reduced to a final diameter of 1.6 mm to meet the requirements 

of the EBF3 system. This reduction is carried out by drawing the wires through a series of  
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Figure 3.3  Conveyor belt powder feed system for homogenous powder distribution in the 
wire. Uniform powder fill ratio is maintained using this method.   

 

 

Figure 3.4 Illustration of a fully sealed powder cored tubular wire showing the lap joint 
method for sealing the powder in [2].  
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reducing dies to achieve the desired diameter. The wire is spooled on a free-spinning capstan. 

The tip of the wire is swaged and fed through the die to start the reduction. A motorized capstan 

is attached to the swaged end and used to pull the wire through first a granular lubricant, then 

through a number of reducing dies in sequential order until the final diameter is reached. The 

wire drawing process is shown in a schematic in Figure 3.5. Upon completion, the wire is 

spooled and annealed in a vacuum furnace. Annealing will reduce any residual stress which will 

lead to better wire feeding during deposition and no un-spooling during storage. The vacuum 

annealing step will also evaporate any organic contaminates on or inside the wire from handling 

and lubrication during drawing, reducing the possibility of porosity during deposition.  

 

 

Figure 3.5 Wire drawing schematic showing the die and lubrication station as well as the 
motorized and transfer spools [5].   

3.2 Silicon Carbide Particles 

Five variations of silicon carbide particles were used in the powder cored tubular wires. 

Uncoated (UC) silicon carbide particles were used as a baseline for comparison with the coated 

particles. Copper and nickel coated particles were chosen for the research based on conclusions 

in literature that copper and nickel enhance wettability and mitigate aluminum carbide formation. 

Coated silicon carbide particles were purchased from Federal Technology Group. Two batches 

of copper-coated particles were created using a patent-protected electroless coating followed by 

an electrolytic plating process in an aqueous solution. One batch was created to have a high 

weight percentage of copper coating content designated as (HCC). Another batch of powders 
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was made with a low copper content (LCC). Two batches of nickel-coated particles were made 

using an electroless plating process to create particles coated with high nickel content (HNC) and 

low nickel content (LNC) [41]. Each of these coated particles were produced with the objective 

of increasing wettability, promoting dispersion and mitigating aluminum carbide formation in the 

aluminum melt. As control, uncoated silicon carbide powder was used in a fifth wire to provide 

baseline comparison regarding the effectiveness of coating on suppressing the reactions above 

mentioned.  

3.3 Particle Characterization 

Silicon carbide particles as well as elemental alloying powders were added to the wire as 

a well-dispersed powder blend. Aluminum, silicon, copper, and chromium were added as 

elemental powders to achieve the desired as-deposited composition in the matrix of the deposit. 

Silicon carbide, whether uncoated or coated with copper or nickel, was added to the powder 

blend to serve as the reinforcement. Before each powder blend was made, each of the powders 

were examined by light optical microscopy and scanning electron microscopy (SEM) to 

determine the powder morphology, size and cleanliness. The particles were then tested using 

static laser light scattering to determine the particle size distribution.  

3.3.1 Static Laser Light Scattering 

Static laser light scattering uses the interaction between light and particles to determine 

the size of the particles. Particle size is determined by intensity characteristics of the scattering 

pattern at various angles illustrated in Figure 3.6. The laser light scattering process is conducted 

by introducing a small volume of particles into an aqueous medium contained in a cylinder. The 

particles suspended in the liquid slowly sink at the rate of gravity. As the particles sink, they pass 

though the path a monochromatic light source. The particles scatter the light at different angles 

depending on size and the scattered light waves are collected by a detector. Accurate 

measurements of particle size are dependent on the condition that the particles have sufficient 

space so that scatter patterns from different particles do not interfere with each other. Liquid 

dispersants may also be used if particles have a tendency to agglomerate. Powders must be of the 

same material and may not be mixtures of different powders. Accurate measurements require 

isotropic particles with the same optical properties [42].   
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3.4 Wire Characterization 

Wire samples were taken from the intermittently from the spool as the wire was 

consumed during deposition. The sections were mounted in epoxy both axially and 

longitudinally. The samples were ground to expose the powder core and were examined using 

 

Figure 3.6 An illustration of monochromatic light rays interacting with a particle [42]. 

 

scanning electron microscopy to determine the distribution of each of the powders along the 

length of the wire as well as the presence of any large voids in the wire which could indicate 

powder shifting and lead to porosity. The sections were also examined to determine the volume 

fraction of silicon carbide in the powder cored wire to verify the target volume fraction of 

reinforcement was being reached.   

3.5 EBF3 Deposition  

Deposits were made using the Electron Beam Freeform Fabrication System (EBF3) at 

NASA Langley Research Center. The EBF3 process is conducted using a 42 kW electron beam 

welder with a six-axis, computerized numerical controlled deposition stage and optional dual 

wire feed capabilities. A build volume of up to 182 cm x 60 cm x 60 cm can be deposited in a 

high vacuum (10-7 Torr) environment [2]. A photograph of the complete EBF3 system is pictured 

in Figure 3.8. Five wires containing different types of coated and uncoated silicon carbide 

particles were used as feedstock to make single and multiple layer deposits 152 mm long x 6 mm 

wide. Four sets of beam conditions were used to deposit builds of each wire. Novel sets of beam 

conditions were used on specific wires to determine the acceptable range of the parameters. 
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Voltage, wire feed rate, traverse speed, and build height were held constant while beam focus, 

beam motion, pulse frequency and beam current were varied for each one of the wires. Specific 

deposition parameters are proprietary, consequently these values have been normalized to 

convey the deposition variations while protecting ownership rights. Four conditions were created 

for the experimental matrix. Three focused rastered beam conditions were studied. The pulsing 

conditions were set at zero (F0), low frequency (F0.25f) and high frequency (Ff). The fourth 

condition studied was a defocused beam with no beam motion or pulsing (D0). 

 

 

Figure 3.7 Photograph of the EBF3 system showing the various controlled components [2].  

 

3.6 Deposition Characterization 

Deposits were characterized to determine the effect that beam conditions and coating 

variations have on metal matrix composite deposits. Cross-sections of single layer deposits were 

examined to determine changes in deposit morphology, composition and the tendency for 

clusters to form during the melting. Multi-layer deposits were examined to determine the volume 

fraction of silicon carbide particles in the overall build compared to the volume fraction in the 
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wire. Microstructural analysis was performed to determine solidification structures, secondary 

phases and defects in the matrix. The amount of aluminum carbide formed was qualitatively 

measured for each deposit. Compositional analysis was performed on samples of wire and 

deposits to verify that specifications are met after the deposition process is completed.  

3.6.1 Microstructural Analysis 

Cross-sectioned samples were extracted from the steady-state regions of single layer and 

multiple layer deposits for all beam conditions and feedstock material variations. The samples 

were rough ground to a flat surface and fine ground on 1200 grit silicon carbide paper. The 

samples were then polished using 9 micron, 3 micron and 1 micron diamond solutions, 

respectively, on low nap LECO imperial cloth. Final polish was conducted to mirror finish using 

0.05 micron colloidal silica solution on Buehler Nylon polishing cloth.  

The polished, cross-sectioned samples were examined using environmental scanning electron 

microscopy (ESEM). Low magnification composite images were taken to show the deposit 

morphology. High magnification images were taken to reveal microstructure and defects of the 

deposits. Detection and qualitative analysis of aluminum carbide was conducted to determine if 

coatings or beam conditions could have any effect on mitigating its formation. Interdendritic 

phases were identified as well as the susceptibility of the deposit to solidification cracking.  

3.6.2 Compositional Analysis 

Two samples of 100 mg were cut from deposits containing each of the five coating 

conditions. Each pair of samples was extracted from deposits of the same beam conditions for all 

five sets. Five 100 mg samples were cut from wires corresponding to their respective deposits of 

the five different coating conditions. One 100 mg sample was cut from a certified composition 

Al 6061 alloy plate to serve as a standard for the fifteen samples. All sixteen samples were 

digested in nitric acid on a hot plate, diluted with deionized water and analyzed using inductively 

coupled plasma – optical emission spectrometry (ICP-OES). ICP-OES is conducted by 

nebulizing a solution containing the dissolved analyte elements into a mist which is forced into a 

plasma. The plasma generates enough energy to excite the electrons of the analyte elements to 

higher energy states. As the electrons return to their lowest energy states, photons are emitted 

with wavelengths corresponding to differences in energy states. The photons are then resolved by 

a monochromator and detected by a photomultiplier as illustrated in Figure 3.9. Emission 
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intensities from the solution are compared to calibration curves of each of the elements being 

analyzed to determine concentration of said elements. Calibrated emission intensities show a 

linear relationship to elemental concentrations over five orders of magnitude so concentrations as 

low as 0.0001 pct. can be determined. All accurate analyses must be conducted in aqueous state, 

so solid samples must be completely dissolved [43].  

 

Figure 3.8        Schematic showing the ICP-OES analysis technique, the method by which 
photons are emitted, and the linear relationship between photon intensity and 
concentration [43].  

 

3.6.3 Reinforcement Analysis 

Silicon carbide reinforcement particles were identified in the matrix using scanning 

electron microscopy. Macroscopic cross-sections were taken to analyze the particle retention and 

dispersion in the matrix. Contrast differences in backscattered images showed silicon carbide 

particles to be darker than the matrix. Fiji Imaging Software was used to characterize the 

particles in the matrix. Image adjustment functions of the software were used to enhance the 

grayscale contrast between the silicon carbide particles and the matrix. Background and non-

melted base metal were cropped from the picture to acquire a more accurate measurement of the 

overall area of the cross-section. The thresholding function of the software allows for certain 

shades of grayscale to be highlighted and analyzed. The particles were highlighted, colored and 
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analyzed to measure the volume fraction of particles in the cross-section. Figure 3.10 shows how 

the image analysis was conducted.  

 

 

Figure 3.9 Screenshot showing the method for identifying SiC particulates and determining 
volume fraction of the silicon carbide in the matrix.  

 

Silicon carbide was found in clusters in the matrix. Fiji was used to measure the size of each 

cluster in the matrix. Clusters were highlighted as a single particle and measured for cross-

sectional area as demonstrated in Figure 3.11. From this measurement, the mean free path 

between clusters of particles was calculated to determine the effect of beam conditions and 

material properties on particle dispersion in the matrix. Mean free path of the clusters of particles 

is given by [44]: ��∗��       (3.1) 

where A is the cross sectional area of the cluster and nv is the number of clusters per unit 

volume. Area and mean free path calculations were normalized by the volume fraction of the 

silicon carbide in the matrix to achieve comparable values. The values were compared to 

determine the effectiveness of implementing different coatings to the particles and adjusting 

beam conditions.  

3.7 Predicting Particle Dispersion and Mitigating Aluminum Carbide Formation 

Interactions between the silicon carbide particles and the aluminum matrix were modeled 

thermodynamically and kinetically to understand the particle-matrix interface. These models can 

be used to determine the ability for silicon carbide to disperse in aluminum. The matrix and 

SiC 
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reinforcement can then be modified to enhance dispersion in the matrix as well as potentially 

mitigate aluminum carbide formation. Equilibrium phase diagrams and Gibbs free energy values 

were calculated using thermodynamic calculation software for various scenarios of particle-

matrix interactions to predict the susceptibility of aluminum carbide formation. A basic empirical 

 

3.10 Thresholding demonstrating the method for determining the area of each cluster 
and the amount of clusters in each multilayer deposit for calculating the mean free 
path.  

 

heat diffusivity formula was applied to predict the affinity for silicon carbide to be rejected or 

captured by the matrix. A kinetic model was developed using fluid mechanics to determine 

conditions to enhance particle dispersion in the matrix.   

3.7.1 Predicting Equilibrium Thermodynamics of the Metal Matrix Composite 

Two software packages were used to predict reactions and phase transformations likely to 

occur during deposition. Thermo-Calc computational modelling software is used for creating 

equilibrium phase diagrams and performing Scheil calculations on the simulated composition for 

solidification under equilibrium cooling conditions. The software package has capabilities for 



30 
      

calculating other thermodynamics related data, but these modules were not used for this project. 

Pseudo-binary phase diagrams were generated for the target composition of Al 6061 alloy with 

the addition of 10 vol. pct. silicon carbide. Magnesium and silicon were varied respectively to 

simulate the loss of these alloying elements due to ejection or vaporization during deposition. 

Isothermal ternary diagrams were generated to examine the interaction of the coatings, or 

surrounding matrix, with the silicon carbide. Scheil solidification diagrams were also constructed 

to predict what phases would be present during solidification under equilibrium conditions. This 

software uses equilibrium thermodynamics for the calculations so interpretations must be made 

to predict which reactions will occur during non-equilibrium thermal cycles.  

The software calculates values based on large thermodynamic databases for different 

material systems which are taken from literature and standards. Creating a diagram requires the 

operator to choose a database for the material system being examined. The chosen database will 

allow for certain elements to be selected for analysis. After the elements are selected all of the 

possible phases and constituents that can be formed with said elements is shown and can be 

manipulated to calculate, or not, which phases will be examined by the software.  

The data is processed and passed to a subsequent screen which allows for the desired 

composition, temperature (range), and atmospheric pressure to be set. The parameters are again 

processed and stored. After all iterations are calculated, a screen is shown where the desired data 

to be calculated is set. The software can then compile all of the data and generate a plot in the 

form of a phase diagram, solidification curve or other thermodynamic plots shown in Figure 

3.11. The process for setting the data is the same for any plot being generated. Changes to 

settings of the x-axis and y-axis determine what type of plot will be generated. Ternary plots will 

be created by clicking the triangular plot function on the toolbar during the final step.  

Equilibrium reaction equations were calculated using HSC Chemistry thermodynamic 

software. This computational modeling software has multiple calculation modules for computing 

thermodynamic values and creating fundamental diagrams.  

The calculations used for this project were made using the Reaction Equations module of 

the software. A predetermined balanced reaction equation is input into the software. The 

temperature range and step size for the calculations can be set for a desired set of data. Figure 

3.17 illustrates the input values and units that can be manipulated. The data is then calculated in 

the software and generates a table of values. Change in enthalpy, entropy, and Gibb’s free energy 
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are calculated as well as the equilibrium constant for temperatures determined by the step size, as 

demonstrated by Figure 3.18. 

Equilibrium data calculated from both software packages was used to predict potential 

reactions that may occur in the melt. The reactions predicted represent local regions in the melt, 

near the particle-matrix interface, where equilibrium states may be present. This data was used as 

an approximation to explain the reactions occurring in the melt. 

 

 

 

Figure 3.11  Image showing the process for creating a plot using the data previously 
calculated.  

Y-axis 

Plot 

X-axis 
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Figure 3.12 The reaction equation module showing the values and units that can be varied 
form computing fundamental thermodynamic values of the system. 

 

 

 

Figure 3.13 Image of a generated table showing the results of the equilibrium reaction at 
various temperatures.  
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3.7.2 Predicting Particle Dispersion Using Fluid Mechanics 

A simplified computational fluid mechanics model was used to predict how particles will 

disperse in a molten metal pool under non-equilibrium conditions. This model was used to 

determine if the kinetics in the molten pool are sufficient to homogenously disperse silicon 

carbide particles in the aluminum matrix with and without nickel and copper coatings. A 

comparison is made between the velocities of a particle moving in a liquid matrix under steady-

state and non-equilibrium conditions. If the melt pool, or non-equilibrium velocity is greater than 

that of the same liquid under equilibrium melting and cooling conditions, dispersion will occur. 

The steady-state velocity is calculated using EQ 2.6 or EQ 2.7 depending on the density of the 

particle relative to the liquid. The particles used for this calculation are assumed to be silicon 

carbide particles with no coating. The density of the silicon carbide particles was taken from 

material constants determined by literature. The particle radius used for the steady state was 

determined through laser light scattering of the particles used in the experiment. Calculations 

varying viscosity and temperature used a constant particle radius equivalent to the mean particle 

radius determined by laser light scattering.  The radius is the main effect by the particle on the 

system.  

Viscosity, η, is the variable contribution by the liquid. Viscosity is given by the equation 

[45]: � = �� ���(
���)     (3.2) 

where �0is the material constant for viscosity, E is the activation energy for the material, R is the 

Boltzmann constant and T is the temperature. It is known that viscosity varies with temperature, 

so steady-state velocity calculated using viscosity in EQ 2.6 and EQ 2.7 will also vary by 

temperature. To calculate the viscosity, temperature of the melt pool must be measured to gain a 

comparable temperature range for analysis. To measure the temperature, a deposit was made 

using a modified gas tungsten arc freeform fabrication (GTAF3) chamber. The chamber was built 

to simulate conditions experienced in the EBF3 deposition chamber. As the deposit was made, a 

high temperature infrared pyrometer was positioned to monitor the temperature of the melt pool. 

Data collected from this was used to estimate a temperature range the melt pool will experience 

during EBF3 deposition. From this, a range of melt pool viscosities was also determined. It was 

assumed that the coating would be completely liquid during deposition, so it would mix and 

become part of the matrix. According to literature, several intermetallic compounds 
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preferentially form in Al-Ni and Al-Cu system. Liquid metal compositions equivalent to Al3Ni, 

AlNi, and AlNi3 were chosen to simulate local liquid regions of nickel-coated particles. Liquid 

compositions equivalent to Al2Cu and Al0.1Cu0.9 were chosen to simulate local liquid regions 

surrounding copper-coated particles [46]. The rule of mixtures was applied to calculate viscosity 

values for these compositions at the range of melt pool temperatures. Measurements of particle 

radius, temperature were used to calculate steady-state velocity values for engulfing coated and 

uncoated silicon carbide particles in an aluminum matrix.  

Melt pool velocity was determined using high speed video analysis of the pool during 

deposition. The GTAF3 system was used to make deposits of wire containing coated and 

uncoated silicon carbide particles. A high speed video camera was positioned to view the trailing 

end of the deposit. It was calibrated for measuring distances by placing a scale bar in both the x-

direction and y-direction of the frame. Still images were processed and used to calibrate pixel to 

distance ratios in the frame shown in Figure 3.19. Once calibrated, deposits containing silicon 

carbide were made while recorded by the high speed video camera. Silicon carbide particles and 

clusters floating on the surface of the melt act as tracers for determining motion in the melt pool. 

Videos taken by the high speed camera were converted into images with associated time stamps. 

The tracer particles’ motion was tracked by digitizing the still frames and collecting x-y 

coordinates illustrated in Figure 3.20. Velocity of these particles were calculated by taking the 

difference in position over the time difference of each frame. Values were given in mm/s. The 

measured melt pool velocities were then compared to calculated steady-state velocities to 

determine if dispersion is likely to occur. The data was compared with image analysis of deposits 

to validate the model.  
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Figure 3.14 Still images showing the calibration method for calibrating distance to pixel ratio 
in on the high speed video. Increments given in 0.40 mm.  

 

 

Figure 3.15 Still image time lapse showing the position tracking of the tracer particles 
indicated by dots.   
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  RESULTS AND DISCUSSION 

This chapter discusses the results obtained from experiments developed in the previous 

chapters.  

4.1 Consumable Characterization 

Alloying and reinforcement powders were examined for size distribution and 

morphology. Light optical microscopy showed powder morphology. Scanning electron 

microscopy was then used to determine the consistency of coverage for the coated silicon carbide 

particles. Size distribution was determined using laser light scattering analysis on each of the 

individual powders.  

The longitudinal cross-sectioned samples were used to determine the volume fraction of 

silicon carbide in the wire prior to deposition. The results were used to determine the amount of 

powder loss during the filling and drawing processes. The data collected was compared with the 

volume fraction of silicon carbide in deposits to determine the degree of powder loss during 

different processing steps. Approximately half of the powder fill was lost during the wire 

manufacturing process. Longitudinal analysis of cross-sections of the wires conducted by 

scanning electron microscopy was compared with x-ray radiography of the wires to qualitatively 

determine if the powder core maintained a uniform distribution throughout different lengths of 

wire. The results from both sets of analysis were conclusive in determining the quality of the 

wires. The wires maintained uniformity throughout different sections. 

4.1.1 Powder Characterization 

Metal alloying powders added to the wire core consisted of pure, atomized aluminum, 

silicon, copper and chromium. The powders were analyzed qualitatively for size and powder size 

using a light optical microscope. Figure 4.1 shows the images of the four alloying powders used 

in the powder core of the wire. Aluminum exhibits a globular morphology with a relatively 

uniform distribution with regards to size and shape. Silicon has an irregular shape with a dark 

non-reflective finish. Particles are relatively uniform in size. Copper powder is very small and 

granular in shape. Large shards of copper are present in the powders and must be extracted by 

powder sieving prior to addition in the metal core. Chromium displays a globular shape as well 

as a highly reflective finish.  
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Figure 4.1  Light optical images of A) aluminum, B) silicon, C) copper, and D) chromium 
powders showing morphology and relative size distribution.  

 

Uncoated silicon carbide was also examined for shape and powder characteristics using 

light optical microscopy. Figure 4.2 presents a light micrograph of the base silicon carbide that 

exhibits a sharply faceted morphology. Particles are reflective and prone to static charging and 

agglomeration. Particles were sieved to +44 microns to reduce small particles that are more 

prone to charging prior to addition in the powder core. SEM micrographs of the coated powders, 

represented in Figure 4.3, show the coverage of the nickel and copper coatings on the silicon 

carbide. High amounts of copper and nickel coating fully encase the silicon carbide particles. 

Particles with high nickel content, although maintained complete coverage, exhibited pores in the 

coating. Particles with a high copper content displayed nodules of copper forming on the surface. 

These surface irregularities also increased the surface area.  Particles with low copper coating did 

not exhibit complete coverage of the coating. However, low nickel content coated silicon carbide 

particles did show full coverage as well as small nodules of nickel on the surface. This large 

increase of surface area increases the potential for contaminates such as organics, oxides, and 

A B  

D C 
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debris to be introduced into the wire and the deposits.  

 

 

Figure 4.2 Light optical image of uncoated silicon carbide powder, showing the faceted 
morphology and relative uniform particle size.  

 

 

  

Figure 4.3  SEM images of A) high copper content (HCC), B) low copper content (LCC), C) 
high nickel content (HNC), and D) low nickel content (LNC) coated silicon 
carbide powders. Relative size distribution and coating quality can be compared.  

 

B A 

D C 
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Metal alloying powders as well as coated and uncoated silicon carbide powders were 

analyzed using the static laser light scattering system for determining particle size distribution. 

The data was reported as a histogram which gives the fraction of particles passing and fraction of 

particles channeled (retained) in a specific size range. This histogram was used to determine an 

average particle size and a size range for each type of powder added in the powder core. Figure 

4.4 displays histogram data for the metal alloying powders. Aluminum powder incorporated into 

the wire had an average particle size of approximately 88.5 µm in diameter. Silicon had an 

average particle size of 105.2 µm, copper averaged at 64.3 µm, and chromium had an average 

diameter of 120.8 µm.  

 

 

Figure 4.4 Particle size distribution histograms of A) aluminum, B) silicon, C) copper, and 
D) chromium powders analyzed by static laser light scattering. 

 

Uncoated silicon carbide particles analyzed by laser light scattering had an average 

particle size of 55.5 µm. The particle size distribution histogram is given in Figure 4.5. Coated 

silicon carbide particles had a varied range of particle size given in various size distribution 

histograms in Figure 4.6. Silicon carbide particles with high copper content had an average 

diameter of 56.3 µm where low copper content coated silicon carbide averaged at 49.6 µm. 

Nickel coated silicon carbide powder varied greatly in size. High nickel content coated silicon 

carbide had an average diameter of 65.8 µm where low nickel content coated silicon carbide 

A 

D C 

B 
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averaged at 133.7 µm in diameter. This variation of particle size is due to the use of different grit 

silicon carbide particles prior to coating.  

 

 

Figure 4.5 Particle size distribution histogram of uncoated silicon carbide powder analyzed 
by static laser light scattering.  

 

 

 

Figure 4.6 Particle size distribution histograms for A) high copper content (HCC), B) low 
copper content (LCC), C) high nickel content (HNC), and D) low nickel content 
(LNC) coated silicon carbide particles analyzed by static laser light scattering. 

 

 

A 
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4.1.2 Wire Characterization 

Each of the wires were analyzed using chemical and optical testing methods to determine 

consistency in the powder fill, dispersion and volume fraction of silicon carbide in the core as 

well as bulk composition of the wire. Consistency of the powder core was determined using 

longitudinal cross-section metallography.  

Samples of each wire were analyzed using digestive ICP-OES analysis methods. A 

sample of Al 6061 alloy was analyzed and compared with both, spark ICP-OES results, as well 

as ASM specifications, to validate the digestive method and set a standard for further analysis to 

be conducted. Table 4.1 compares both ICP-OES techniques to specifications set by ASM 

International. All values by specifications are maximum allowable weight percentages of each 

alloying element. Each wire was analyzed using the digestive method for content in weight 

percentages of the same alloying elements. With the exception of silicon analysis is accurate to 

100 ppm. Silicon content cannot be accurately measured using digestive ICP-OES due to 

interference from the fused silica crucible in which the analysis was conducted. Table 4.2 

illustrates the comparison of composition for each of the five wires. Magnesium content was 

intentionally increased in the wires to account for vaporization loss during deposition. It was 

shown that copper was out of specification for all cases. Nickel content from the coating on the 

particles caused the wires to fall out of Al 6061 alloy specification. This occurrence was 

anticipated since nickel was used in these wires as a direct replacement for copper. Iron, 

manganese, chromium, and titanium were determined to be within the specifications of Al 6061 

alloy. Results of this analysis were compared with compositional analysis results of depositions 

to determine modifications to the wire that are required to improve microstructure in future 

deposits.  

Table 4.1 Comparison of analytical methods to material specifications.  

 

 

Sample Mg (wt. %) Fe Si Cu Ni Mn Cr Ti Analysis

6061 0.8 0.22 0.3 0.19 0.006 0.051 0.054 0.02 Digestive ICP-OES

6061 0.85 0.24 0.63 0.22 - 0.06 0.06 0.02 Spark ICP-OES

6061 0.8-1.2 0.7 0.4-0.8 0.15-0.40 - 0.15 0.04-0.35 0.15 ASM-Specifications
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Table 4.2 Comparison of composition for each of five iterations of metal matrix 

composite powder cored tubular wires.  

 

 

Samples were taken from each of the five iterations of wire and were cross-sectioned 

longitudinally to expose the powder core. SEM analysis was used to determine the uniformity of 

distribution for the silicon carbide particles as well as the volume fraction of silicon carbide in 

the wires. Due to the rapid rate of the wire feed during deposition, reinforcement uniformity 

needs to be maintained only at the scale of millimeters to result in uniformity throughout a single 

layer deposit. Small variations in the powder core at any length less than one millimeter are 

negligible as factors for affecting the overall deposit. Figure 4.8 shows backscattered electron 

images which compare the longitudinal cross-sections of the five iterations of wires. The silicon 

carbide particles are shown as irregular dark particles. Copper and nickel coatings appear to be 

white in the images. Image analysis was conducted on the cross-sections, using color 

thresholding techniques, to measure the volume fraction of particles in the wire prior to 

deposition. It was determined that the volume fraction of silicon carbide is up to 83 percent less 

than the design volumes fraction, shown in Table 4.3. As such, the target volume fraction of 

silicon carbide was not being met prior to deposition. This difference could be due to powder 

loss during the mixing and drawing processes. Particles with a higher weight percent of coating 

are much denser than the bulk metal powder which may lead to powder segregation during 

mixing and feeding into the wire. Other modes of powder loss were attributed to static charging 

of the particles making them adhere to surfaces during powder feeding, removing them from the 

bulk powder. Adjustments to the powder mixture must be made in future wire iterations to 

accommodate the differences observed. The full analysis of wires is given in Appendix A.  

 

Sample Mg (wt. %) Fe Si Cu Ni Mn Cr Ti 

UC_Wire 2.1 0.18 0.1 0.12 0.0042 0.0065 0.2 0.012

HCC_Wire 2.1 0.18 0.09 0.52 0.0041 0.0065 0.19 0.0096

LCC_Wire 2.2 0.18 0.1 0.078 0.0042 0.0069 0.22 0.0098

HNC_Wire 2.1 0.18 0.1 0.022 0.67 0.0066 0.18 0.0087

LNC_Wire 2.0 0.17 0.07 0.021 0.35 0.0061 0.18 0.0087
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Figure 4.7 Logitudinal cross-sections of A) uncoated, B) high copper coated, C) low copper 
coated, D) high nickel coated, E) low nickel coated silicon carbide particle 
containing wires.  
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Table 4.3  Comparison of volume fraction measurements in the five iterations of 

wire.  

 

4.2 Effect of Coating Conditions on Deposit Quality 

Data was collected from analyzing single and multiple layer deposits containing the five 

different reinforcement coating conditions. Deposits were examined for uniformity of the 

microstructure across subsequent layers, amount of aluminum carbide formation, particle 

dispersion, and for target composition of the aluminum matrix and volume fraction of silicon 

carbide. Compositional analysis showed that vaporization loss of magnesium during deposition 

was greater than predicted. With the exception of copper and silicon most other alloying 

elements remained within specifications for Al 6061 alloy. The collected data was compared 

between the various deposits to determine how great of an effect the particle coatings had on 

meeting the desired criteria. Cross-sectional analysis of the multilayer deposits showed that there 

was an overall even distribution of interdendritic phases. Columnar grain growth was observed 

primarily in the fusion zone of the deposits as well as inter-pass fusion zones in some cases.  

Solidification cracking was observed in deposits containing uncoated silicon carbide and the high 

coating content conditions. Crack healing was observed in deposits containing lower coating 

content. The presence of aluminum carbide in the regions of clusters was qualitatively measured 

relative to the amount of clusters present. Analysis showed that nickel coated particles were less 

susceptible to forming aluminum carbide. Thermodynamic calculations supporting the 

observations are shown in Section 4.4. The volume fraction of silicon carbide present in the 

deposits was affected by the amount of coating. The trend shown in the wire was also observed 

in the deposits; the volume fraction of silicon carbide is lower with higher coating content. Mean 
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free path measurements for the clusters in the matrix of the deposits showed that dispersion of 

silicon carbide is higher in deposits containing either uncoated or a low coating content of nickel 

or copper. Fluid mechanics modelling of dispersion is presented in Section 4.5. The full 

experimental analysis and results are presented in Sections 4.2.1 and 4.2.2. 

4.2.1 Build Characterization and Matrix microstructural Analysis 

Compositional analysis was performed using digestive ICP-OES techniques. Two 100 

mg samples were extracted from the focused rastered beam condition of multiple layer deposits 

for each of the five material conditions. The analysis of Al 6061 alloy base material, shown in 

Table 4.1, was used as a standard and compared with the results of each sample. The results 

given in Table 4.4 show the percentage by weight of seven alloying elements present in each 

deposition. It was noted earlier that silicon cannot be accurately measured due to interference of 

the crucible during analysis. It was determined that magnesium exhibited a 75-80 wt. % loss 

during deposition. Two mechanisms can be attributed to the observed loss. One, magnesium has 

a relatively vapor pressure and is highly susceptible to vaporization in a vacuum environment. 

Two, the sheath material can have a tendency to unravel at the lap joint during deposition. When 

the lap joint was not properly sealed or was not stress relieved during the baking step, it might 

unravel and not deposit into the melt properly. Since magnesium in the melt will come solely 

from the sheath, any sections of deposition made with unraveled wire would lose considerable 

amounts of magnesium in addition to vaporization loss. Copper additions varied greatly between 

samples of different coating conditions. For all but one sample, the copper content was not in 

specification for the Al 6061 alloy. It was shown that the result of low copper content, or 

replacing copper with nickel addition, the deposits also had a lower susceptibility to 

solidification cracking. Results of this analysis can be used to adjust the amount of powder 

additions for the development of future metal matrix composite consumable wires.  

Scanning electron microscopy images of each multilayer deposit showed the effect of silicon 

carbide particulates on the microstructure of the deposit. A macroscale image was taken of each 

multilayer deposit shown in Table 4.5. Each deposit was then analyzed at higher magnifications 

to characterize the particle/matrix bond, secondary phases, the formation of aluminum carbide, 

and the retained volume fraction of silicon carbide in the matrix. The microstructural analysis for 

each of the five material conditions are compared below. All five samples shown in detail were 

deposited using a focused rastered (F0) electron beam. The full microstructural analysis for all 
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material and beam conditions is presented in Appendix B. 

 

Table 4.4  Compositional analysis of metal matrix composite depositions.  

 
 

All deposits showed clustering of silicon carbide particles. Deposits containing uncoated 

silicon carbide particles developed clusters with features highly detrimental to the overall 

microstructure shown in Figure 4.8. The clusters consisted of silicon carbide particles trapped in 

partially melted aluminum particles. At the boundary of the aluminum particles, aluminum oxide 

was detected which appeared to block the aluminum particles from completely fusing. This 

behavior creates clusters that can act as initiation points for solidification cracking and a path of 

least resistance for crack propagation. Figure 4.8b shows a highly magnified image of a cluster. 

The presence of aluminum carbide was detected in the vicinity of the cluster. 

Depositions containing silicon carbide coated with high copper content showed an 

improvement in bonding between the matrix and reinforcement particles shown in Figure 4.9. 

The copper coating completely dissolved and formed intermetallic phases with silicon and 

aluminum which backfilled any separated particles. Aluminum carbide formation still remained 

present in copper coated deposits. Solidification cracking was observed in deposits with near 

regions with a high copper content. Figure 4.9b shows a deposit with high copper content. The 

high magnification image shows the large increase of copper-rich inter dendritic phases in the 

vicinity of the silicon carbide cluster.  

  

Sample Mg (wt. %) Fe Si Cu Ni Mn Cr Ti Crack Susceptability

7_UC_Trial 1 0.48 0.18 0.0089 0.14 0.0037 0.0073 0.19 0.013

7_UC_Trial 2 0.44 0.19 0.0045 0.13 0.0037 0.0069 0.2 0.013

6_HCC_Trial 1 0.53 0.2 0.0083 0.46 0.0043 0.0092 0.22 0.011

6_HCC_Trial 2 0.53 0.19 0.019 0.22 0.0038 0.0086 0.22 0.011

6_LCC_Trial 1 0.47 0.19 0.016 0.14 0.0033 0.0084 0.23 0.012

6_LCC_Trial 2 0.5 0.19 0.082 0.14 0.0031 0.0087 0.23 0.012

6_HNC_Trial 1 0.52 0.2 0.018 0.036 0.39 0.01 0.19 0.01

6_HNC_Trial 2 0.54 0.19 0.0048 0.038 0.39 0.0096 0.19 0.011

6_LNC_Trial 1 0.46 0.19 0.0053 0.04 0.31 0.0086 0.19 0.011

6_LNC_Trial 2 0.44 0.19 0.0037 0.036 0.3 0.0093 0.2 0.011

Crack

Crack

No Crack

No Crack

No Crack
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Table 4.5  Comparison of macroscopic images for each of the various material and 
beam conditions. 
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Figure 4.8 A) Macroscopic cross-section of uncoated SiC containing deposit using a focused 
rastered electron beam. B) High magnification of a silicon carbide cluster 
showing particle separation and aluminum carbide formation. 

 

 

Figure 4.9 A) Macroscopic image of a deposit with high copper content made using a 
focused rastered beam. B) High magnification image of a cluster in the matrix 
showing high amounts of intermetallic compounds as well as the presence of 
aluminum carbide. 

SiC 

Al4C3 

B A 

B A 

Al4C3 

Aluminum 
particle 
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rich phase 

Crack 
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Deposits containing a lower content of copper (Figure 4.10) behaved similarly to deposits 

containing uncoated silicon carbide. Clusters exhibited insufficient fusion between the metal 

powders and aluminum carbide remained present in the vicinity of the clusters. However, the 

deposits did not show signs of solidification cracking. Due to the lack of copper, intermetallic 

compound formation was greatly reduced. The overall microstructure in the matrix remained 

uniform overall compared to the intermetallic compound gradients seen in the deposits 

containing high copper content. Figure 4.10b illustrates the characteristics of the microstructure 

for the low copper content containing deposits.  

 

 

Figure 4.10 A) Macroscopic image of a deposit with low copper content made using a focused 
rastered beam. B) High magnification image of clusters in the matrix showing low 
amounts of intermetallic compounds as well as the presence of aluminum carbide. 

 

The deposits containing silicon carbide with high nickel content (Figure 4.11) developed 

a microstructure very similar to that of deposits with high copper content. The clusters are 

surrounded by completely melted aluminum rather than partially melted powder. The 

microstructure also exhibited no solidification cracking or aluminum carbide formation. Figure 

4.11b shows the microstructure of a deposit made with high nickel content.  

B A 

Al4C3 

Aluminum 
particle 
separation 
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Figure 4.11 A) Macroscopic image of a deposit with high nickel content made using a focused 
rastered beam. B) High magnification image of clusters in the matrix showing 
high amounts of intermetallic compounds with no presence aluminum carbide. 

 

The deposits containing low amounts of nickel (Figure 4.12) behaved in the same manner 

as deposits with low copper content, however, no aluminum carbide was detected in the matrix. 

Figure 4.12b demonstrates the similarities the low nickel content deposits share with the low 

copper and high nickel containing deposits.  

The amount of aluminum carbide present in each deposit was quantified as a percentage 

of silicon carbide clusters containing aluminum carbide from the total number of clusters present 

in the cross-section. This data was used to draw a comparison to determine the effect coatings 

have in mitigating aluminum carbide formation. Figure 4.13 demonstrates this comparison 

between the different coating conditions at mitigating aluminum carbide formation. It is clearly 

shown that increasing the copper content in the deposits increases the amount of aluminum 

carbide present in the matrix. It was also shown that increasing nickel content effectively 

eliminates aluminum carbide in the deposit. 

The volume fraction of silicon carbide was also analyzed in the matrix. Threshold tools in 

image analysis software were used to measure the volume fraction of silicon carbide particles 

retained in the matrix. Figure 4.14 compares average values of the volume fraction of silicon 

carbide for different coating conditions. Values are given in percentages. It was determined that 

B A 

Aluminum 
particle 
separation 
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Figure 4.12 A) Macroscopic image of a deposit with low nickel content made using a focused 
rastered beam. B) High magnification image of clusters in the matrix showing low 
amounts of intermetallic compounds with no presence aluminum carbide. 

 

 

Figure 4.13 Comparison of coatings and the effect they have on mitigating aluminum carbide 
formation.  
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Aluminum 
particle 
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deposits with a higher content of nickel or copper coating retain a lower volume fraction of 

particles. This trend also relates to the decrease in volume fraction of coated silicon carbide 

particles in the wire cross-section. It is determined that the higher amounts of copper and nickel 

drastically increase the density of the particles. This leads to segregation of the silicon carbide 

particles during powder mixing therefore less is incorporated into the wire used in deposition. 

Appendix B provides tables of values collected for all of the charts given for deposit 

characterization. 

 

 

Figure 4.14 Comparison of average volume percent of silicon carbide retained in the matrix 
between different coating conditions.  
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4.2.2 Particle Dispersion 

Particle analysis was conducted on each of the deposition cross-sections to calculate a 

relative mean free path and determine the effect of coating type has on dispersing silicon carbide 

in an aluminum matrix. Clusters of silicon carbide were treated as single particles. In some cases, 

dispersed particles and very small clusters were detected in the matrix. Using FIJI image analysis 

software, the cross sectional area of each cluster, or particle, was measured. An overall count of 

clusters was made for a given volume of matrix. The mean free path, i.e. the nearest neighbor 

distance, in mm, for a given cluster was calculated by inputting these values in Equation 9, 

where A is given as the area of the cluster and nv is the number of clusters per given volume. 

The mean free path for each cluster was calculated; the overall mean free path for the deposit 

was determined by averaging the values for each of the clusters. The cluster area and mean free 

path measurements were normalized by volume fraction of silicon carbide in the deposit since 

these vary significantly between different builds. Figure 4.15 plots mean free path as a function 

of cluster size for each of the five coating conditions. Values residing in Quadrant I indicate that 

deposits have relatively small cluster size, a sign of increased dispersion, but a high mean free 

path, which indicates a low volume percent of silicon carbide. The more favorable values follow 

the direction of the arrow in Quadrant III. These values indicate a high volume fraction of 

dispersed particles. Values in Quadrants II and IV indicate large amounts of agglomeration and 

are highly unfavorable. 

The data in Figure 4.15 indicates that low copper content (LCC), and low nickel content 

(LNC) coated conditions provide the highest amount of dispersion in the matrix. Silicon carbide 

particles with high copper and nickel content can be ruled out as feasible coating conditions to 

enhance dispersion. Due to the thick coating and high melting temperatures, along with thermal 

gradients generated by transitions of material, it is likely that the high coating content solidifies 

too rapidly trapping the particles in large clusters.  

Comparing the data collected from microstructural and particle dispersion measurements, it was 

determined that low amounts of nickel coating facilitates the fabrication of the best overall 

deposits. 
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Figure 4.15  Plot comparing normalized mean free path and cluster size values for the five 
coating conditions. Dispersion increases in the direction of the arrow. 

 

4.3 Effect of Process Parameters on Deposit Quality 

Deposits were analyzed to determine the effect of beam conditions on overall deposit quality. As 

described in the Experimental Procedures section, beam spot size (focused or defocused), 

motion, and pulse frequency were varied; four sets of beam conditions were used in the 

experimental matrix. Three focused rastered beam conditions were studied. The pulsing 

conditions were set at zero (F0), low frequency (F0.25f) and high frequency (Ff). The fourth 

condition studied was a defocused beam with no beam motion or pulsing (D0). Several other 

variations to the parameters were studied and included in Appendix B. Deposits were examined 

for uniformity in the microstructure, the amount of aluminum carbide formation, particle 

dispersion and volume fraction of silicon carbide and defects such as solidification cracking. 

Particle coatings have a much greater effect on the matrix than beam parameters. Single layer 

deposits were cross-sectioned and analyzed to determine the effect of beam parameters on 

deposit geometry. It was determined that variations in deposit geometry measurements can be up 

to an 18 pct. difference which is discussed further in Section 4.3.1. It was also shown that using a 

defocused beam increases the volume fraction of the silicon carbide trapped in the matrix and 

reduces the amount of aluminum carbide formation. Solidification cracking was found to be 

controlled more by material variations rather than deposition conditions. Mean free path 
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measurements taken to quantify particle dispersion revealed that greater dispersion resulted in 

deposits made using a non-pulsed electron beam. Sections 4.3.1 and 4.3.2 present the 

experimental analysis and collected data to validate these observations.  

4.3.1 Build Characterization and Matrix microstructural Analysis 

Microstructural analysis was performed on the various deposits, comparing 

characteristics with respect to the parameters of the electron beam used for deposition. Deposit 

geometry was studied and compared for the four beam conditions by collecting height, depth and 

width measurements of the single layer deposits. Four beam conditions were examined to 

determine the effect on aluminum carbide formation and retained silicon carbide in the matrix. 

Figure 4.16 compares the amount of aluminum carbide formation as a fraction of the amount of 

silicon carbide clusters containing aluminum carbide to the total number of clusters in the matrix. 

This ratio is compared as a function of beam conditions. The results show that the defocused 

beam condition has the least amount of variability as well as one of the lowest average 

percentages of aluminum carbide formation. The focused rastered beam with no pulse showed 

the highest variability as well as the largest amount of aluminum carbide formation in the matrix. 

This behavior is most likely due to the high intensity of the focused beam combined with the 

uninterrupted contact with the melt pool. Direct interaction of SiC with the electron beam causes 

the particle to shatter instead of melt because of the low electrical conductivity of silicon carbide. 

It was speculated that varying degrees of agitation in the melt pool as well as silicon 

carbide interaction with the beam may cause significant differences in the amount of retained 

silicon carbide. Figure 4.17 shows the result of this study. These values are averages of multiple 

measurements of volume percentage for different beam conditions. Again, the defocused beam 

provides the most favorable condition for retaining silicon carbide in the matrix. The lower 

intensity of the beam has less of an effect when put in contact with a silicon carbide particle, 

therefore particles are less likely to be ejected during deposition. 

Single layer deposits were compared to determine which beam conditions result in the 

most ideal deposit morphology. Table 4.6 gives cross-sectional examples of all single layer 

deposits compared. Each cross-section was examined using image analysis software. The deposit 

width, depth of penetration and overfill height were measured. These dimensions were averaged 
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Figure 4.16 Comparison of aluminum carbide formation as a function of beam conditions for 
each of the deposits.  
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Figure 4.17 A comparison of average volume fraction of silicon carbide in the matrix as a 
function of beam conditions.  

 

and compared as a function of beam conditions. The defocused beam condition produced single 

layer deposits which had the shortest width and depth of penetration while having the greatest 

height as shown in Figure 4.18. This condition would be the most efficient for deposition of 

structures such as stiffeners. The single layer deposit characterization, including all values in 

data tables, is located in Appendix C. 

4.3.2 Particle Dispersion 

Cluster area and mean free path calculations were conducted for silicon carbide 

suspended in the matrix with respect to beam conditions. The same methodology was followed 

as in previous calculations with respect to coating conditions. Figure 4.19 shows the data for
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Table 4.6 Comparison of single layer deposit cross-sections.  
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Figure 4.18 The effect of beam conditions on single layer deposit morphology. 

 

normalized cluster area and mean free path for each of the four coating conditions. Again, the 

greatest favorability for dispersion in the matrix is indicated by the direction of the arrow. The 

data shows that the highest degree of dispersion was generally exhibited in samples deposited by 

a defocused beam, followed by a non-pulsed focused beam. It is not completely understood why 

pulsed conditions do not improve dispersion. One theory is that the pulsing conditions create 

more convective flow in the melt pool. This increase in convective flow would increase the 

ability for particles to move throughout the matrix and come in contact with one another, at 

which point they would more likely agglomerate. Results of this data recommend that further 

depositions of aluminum – silicon carbide metal matrix composites should implement a non-

pulsed beam to promote dispersion. Confirmation that beam pulsing actually occurred at the set 

frequencies should be determined using an oscilloscope before any further pursuit of using 

pulsed electron beam conditions for the deposition of metal matrix composites. Based on the 
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initial data collected, pulsing conditions used were not suitable for enhancing dispersion. It is 

recommended that ultrasonic pulsing should be explored, matching the resonance of the 

particles, if pulsing is desired to accommodate particle dispersion. 

 

 

Figure 4.19 Plot comparing normalized mean free path and cluster size values for the four 
beam conditions. Increased dispersion in the direction of the arrow. 

4.4 Computational Thermodynamic Modeling 

Computational thermodynamic models were used to determine the propensity for phases to form 

and to determine if aluminum carbide formation can be eliminated from the matrix. All phase 

diagrams and reactions were developed under equilibrium heating and cooling conditions. Due to 

the rapid solidification of the EBF3 process, high temperature calculations were considered to 

interpret what microstructures are present upon solidification. Since limited physical property 

this metal matrix composite was found in the literature, data must be extrapolated for certain 

values in the models. The average composition for 6061 aluminum alloy was used as a baseline 

for these models. To simplify the models only major alloying elements were considered when 

calculations were performed for this system. The composition was given as , 1.0 wt. % Mg – 0.6 

wt. % Si – 0.25 wt. % Cu – 0.7 wt. % Fe, balance Al. Secondary phases and precipitates such as 

Mg2Si, Al12Fe3Si, Al7Cu3Mg6, and Al3Cu2Mg9Si7 were included in the computation for 
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comparison with literature data [47], [48]. The results of these calculations were used to 

determine the potential phases to form under optimal deposition conditions. Note that the 

calculations did not take into consideration the magnesium loss observed in actual deposits 

4.4.1 Thermo-Calc Software Calculations 

Thermo-Calc is a software package which uses data from various compiled 

thermodynamic property databases to calculate and produce diagrams such as Scheil-Gulliver 

solidification models, binary and ternary phase diagrams and other equilibrium thermodynamic 

data. Thermo-Calc was used to create i) pseudo-binary phase diagrams for the metal matrix, ii)  

ternary isothermal sections for phase transformations near the particle boundary, and iii)  Scheil-

Gulliver simulations to determine the favorability for aluminum carbide to form in the matrix. 

These results were interpreted to predict what reactions and phase transformations will occur 

under non-equilibrium conditions. The results were then compared with data and observations 

from depositions to gain a better understanding of the system.  

Pseudo-binary phase diagrams were developed for 6061 aluminum alloy. The model was 

simplified to include only aluminum, magnesium, silicon, and copper in the calculations. Al - 0.6 

wt. % Si – 0.25 wt. % with Mg varying between 0.0 and 3.0 wt. % was modeled. According to 

literature regarding 6061 aluminum alloy, Mg2Si, Al2Cu, and Al3Cu2Mg9Si7 are all likely to 

form during cooling. The phase diagram illustrated in Figure 4.21 predicts that this is likely to 

happen with approximately 1.0 wt. % Mg, which is the amount used in the 6061 system. This 

prediction verifies that the model is producing relatively accurate results. The powder cored 

tubular wires produced have a magnesium composition of approximately 2.0 wt. % Magnesium 

vaporization loss is approximately 75 pct., as determined by compositional analysis of the wire 

and deposits, which leaves 0.5 wt. % magnesium present in the as-solidified deposits. This 

excess loss as compared to the 50 wt. % loss initially predicted would change the as-solidified 

microstructure to resemble the 0.5 wt. % composition given by the model. The phase diagram 

with varying magnesium content can be used to verify changes in the microstructure due to 

vaporization loss as well as predict the composition for future wire iterations. A pseudo-binary 

phase diagram of the same composition, but rather varying silicon content was developed and 

given in Appendix D. 
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Figure 4.20 Pseudo-binary phase diagram of the Al 6061 alloy. Composition set at Al – 0.6 
wt. % Si – 0.25 pct. wt. Cu with varying amounts of magnesium. 

 

The Scheil-Gulliver model was used to create an equilibrium cooling diagram and to 

determine the mass fraction of phases to form in the solid upon normal cooling conditions [49]. 

The composition was set to Al – 1.0 wt. % Mg – 0.6 wt. % Si – 0.25 wt. % with the addition of 

12.5 wt. % SiC in elemental form to simulate the target 10 vol. pct. desired in the final 

microstructure. The liquid was cooled from 2250 K (1977°C) to approximately 650 K (377°C), 

when the final liquid is solidified as illustrated in Figure 4.22. It was shown that the potential for 

aluminum carbide formation only occurs at temperatures above 1450 K (1177 °C). Since, melt 

pool temperatures can often reach values well above 1450 K, the presence of aluminum carbide 

can be expected. This calculation validates the importance of coating the particles to prevent this 

formation from occurring. 
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Figure 4.21 Scheil solidification model predicting phases in the Al 6061/SiC system under 
equilibrium cooling conditions.  

 

Isothermal ternary phase diagrams were calculated to predict which phases would form in 

near the SiC particle-Al  matrix interfacial region. Cu-Si-C and Ni-Si-C ternary systems were 

studied to determine if any other detrimental phases would form due to the addition of these 

coatings. Isotherms at 2700 K (2427°C), 1350K (1077°C), and 675 K (402°C) were developed 

for each of the ternary systems. Each isotherm contains a highlighted box estimating the regions 

of interest for analysis. Each component is given in elemental form, simulating the outcome if 

SiC had broken down to silicon and carbon elements. All phase diagrams are under equilibrium 

atmospheric and cooling conditions.  

The Cu-Si-C system at 2700 K is given in Figure 4.23. At that temperature copper is 

liquid and silicon and carbon preferentially form silicon carbide. The 1350 K isotherm, Figure 

4.24, shows that silicon will form along with liquid copper and silicon carbide. This temperature 
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is in the range of the melt pool during deposition. Due to the fast cooling rate of the process, it is 

likely that the phases formed at this temperature for the given composition range will dominate 

the final microstructure upon cooling. If the deposit is allowed to slow cool, the final 

microstructure will contain phases similar to that shown in Figure 4.25. These isothermal 

sections all indicate that copper is not likely to react with carbon. It is possible for a single 

intermetallic compound to form at low temperatures, however, copper does not seem to form any 

other detrimental phases when contacted with silicon carbide.  

 

 

Figure 4.22 Cu-Si-C isothermal ternary phase diagram at 2700 K. 

The Ni-Si-C system behaves similarly to the Cu-Si-C system since nickel also has little 

affinity for reacting with carbon. Figure 4.26 illustrates the reactions likely to occur at 2700 K. 

At this temperature nickel is liquid as well as silicon. High amounts of silicon will produce  
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Figure 4.23 Cu-Si-C isothermal ternary phase diagram at 1350 K. 

 

 

Figure 4.24 Cu-Si-C isothermal ternary phase diagram at 675 K. 
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silicon carbide, but carbon is also stable as graphite. At 1350 K, intermetallic compounds form in 

compositions with a high mass fraction of nickel in the matrix shown in Figure 4.27. The 

variability of intermetallic compound formation grows at 675 K demonstrated by Figure 4.28. 

High amounts of nickel may potentially destabilize silicon carbide and allow for aluminum 

carbide to form. However, the opposite was observed in EBF3 deposits; high amounts of nickel 

completely eliminated the formation of aluminum carbide. Appendix D shows ternary phase 

diagrams for Cu-Al -Si and Ni-Al -C systems which expand the amount of predicted phases as a 

result of using copper or nickel coatings. 

 

 

Figure 4.25 Ni-Si-C isothermal ternary phase diagram at 2700 K. 

4.4.2 HSC Software Calculations 

HSC is a computational thermodynamic software package used for generating free 

energy tables for various equilibrium reactions at a range of given temperatures. Balanced  
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Figure 4.26 Ni-Si-C isothermal ternary phase diagram at 1350 K. 

 

Figure 4.27 Ni-Si-C isothermal ternary phase diagram at 675 K. 
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reactions are input into the software. Using known thermodynamic values, enthalpy, entropy and 

free energy, for the overall reaction are generated at a range of temperatures. Comparing free 

energy (ΔG) values of different reactions at the same temperatures will determine the likelihood 

for one reaction to occur preferentially over another. Increasingly negative ΔG values mean that 

the reaction, under equilibrium conditions, does not require the input of an external energy 

source so it is more thermodynamically favorable for that reaction to occur. By determining 

which reactions are more negative at high temperatures (deposition temperatures), it can be 

inferred that said reactions are most likely to occur during deposition. Due to rapid solidification 

in the deposit, it is likely that phases formed during reactions occurring at high temperatures will 

constitute the microstructure of the solidified matrix. Table 4.7 shows reaction values generated 

for a simple Al-SiC reaction. It was assumed that no other alloying elements were present and 

the reaction takes place under equilibrium heating from 25°C to 2425°C, nearing the 

vaporization temperature of aluminum under atmospheric pressure. It is determined that, under 

equilibrium conditions, for all temperatures, it is thermodynamically unfavorable for aluminum 

and silicon carbide to spontaneously react to form aluminum carbide.  

The reaction was expanded to model reactions between Al-Cu-SiC as an example of what 

may happen in the presence of a copper coating. The model determined that aluminum carbide 

formation is thermodynamically unfavorable for an Al-Cu-SiC system. This system is illustrated 

in Table 4.8. The reaction calculation was repeated for the same system with the exception that 

silicon and carbon were separated and treated as individual elements as reactants. This scenario 

was considered to simulate the condition of silicon carbide being broken down, as it does when 

contacted by the electron beam. Evidence of silicon carbide interacting with the electron beam 

during deposition was observed in the cross-sections of some deposits. The calculations yielded 

extremely negative free energy values, shown in Table 4.9, which indicate that the formation of 

aluminum carbide is highly favorable even in the presence of the coating. This, again, is 

assuming the electron beam had broken the silicon carbide down into individual elements. 

Aluminum carbide formation is most prevalent around silicon carbide clusters directly under the 

incident electron beam. Many cases showed shattered particles of silicon carbide surrounded by 

aluminum carbide, often in regions above the shattered particle. This thermodynamic model 

validates the proposed mechanisms for forming aluminum carbide in the matrix. Further 

variations of equilibrium reaction tables are given in Appendix E. 



69 
      

 
Table 4.7  Equilibrium reaction between aluminum and silicon carbide over 100°C 

increments. 

 

 

4Al + 3SiC = Al4C3 + 3Si 
T (K) ΔH (kJ) ΔS (J/K) ΔG (kJ) K Log(K) 

            

298 8.806 -17.148 13.916 3.64E-03 -2.439 

398 8.729 -17.368 15.642 8.85E-03 -2.053 

498 8.58 -17.697 17.393 1.50E-02 -1.825 

598 8.252 -18.292 19.19 2.11E-02 -1.676 

698 7.614 -19.27 21.065 2.65E-02 -1.576 

798 6.531 -20.712 23.06 3.09E-02 -1.51 

898 4.863 -22.674 25.224 3.41E-02 -1.467 

998 -39.61 -70.311 30.56 2.51E-02 -1.6 

1098 -40.76 -71.41 37.649 1.62E-02 -1.791 

1198 -41.705 -72.235 44.833 1.11E-02 -1.955 

1298 -42.377 -72.776 52.086 8.01E-03 -2.096 

1398 -42.732 -73.041 59.379 6.04E-03 -2.219 

1498 -42.738 -73.046 66.686 4.73E-03 -2.326 

1598 -42.374 -72.813 73.981 3.82E-03 -2.418 

1698 108.915 16.986 80.072 3.44E-03 -2.463 

1798 109.371 17.247 78.362 5.29E-03 -2.277 

1898 110.099 17.64 76.618 7.78E-03 -2.109 

1998 111.1 18.153 74.83 1.11E-02 -1.956 

2098 112.372 18.774 72.984 1.52E-02 -1.817 

2198 113.91 19.49 71.072 2.05E-02 -1.689 

2298 115.711 20.291 69.083 2.69E-02 -1.57 

2398 117.768 21.166 67.011 3.47E-02 -1.46 

2498 120.073 22.108 64.848 4.40E-02 -1.356 

2598 122.62 23.107 62.588 5.52E-02 -1.258 

2698 125.399 24.157 60.225 6.82E-02 -1.166 

            

Al4C3 Extrapolated from 2500 K     

            

Formula FM (g/mol) Conc. (wt-%) Amount (mol) Amount (g) Volume  (ml) 

Reactants           

Al 26.982 47.291 4 107.926 39.973 

SiC 40.097 52.709 3 120.29 38.066 

Products           

Al4C3 143.959 63.08 1 143.959 61 

Si 28.086 36.92 3 84.257 36.177 
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Table 4.8  Equilibrium reaction between aluminum and silicon carbide over 100°C 
increments in the presence of a copper coating. 
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Table 4.9  Equilibrium reaction between aluminum and dissolved silicon carbide 

over 100°C increments in the presence of a copper coating. 

 

4Cu + 5Al + 5Si + 7C = Si + 4Cu + Al4C3 + 4SiC +Al 

T (K) ΔH (kJ) ΔS (J/K) ΔG (kJ) K Log(K) 

            

298 -494.506 -73.667 -472.553 6.89E+82 82.838 

398 -494.94 -75.015 -465.084 1.11E+61 61.044 

498 -494.823 -74.753 -457.596 1.00E+48 48.001 

598 -494.912 -74.905 -450.119 2.09E+39 39.321 

698 -495.442 -75.715 -442.593 1.33E+33 33.124 

798 -496.514 -77.141 -434.955 2.97E+28 28.473 

898 -498.231 -79.16 -427.145 7.05E+24 24.848 

998 -542.813 -126.912 -416.155 6.07E+21 21.783 

1098 -544.169 -128.208 -403.396 1.56E+19 19.192 

1198 -545.291 -129.187 -390.524 1.07E+17 17.029 

1298 -546.222 -129.935 -377.566 1.57E+15 15.195 

1398 -546.997 -130.511 -364.543 4.19E+13 13.622 

1498 -547.64 -130.955 -351.469 1.81E+12 12.257 

1598 -548.156 -131.29 -338.355 1.15E+11 11.061 

1698 -749.274 -250.659 -323.655 9.06E+09 9.957 

1798 -748.637 -250.295 -298.606 4.74E+08 8.676 

1898 -747.707 -249.792 -273.601 3.39E+07 7.53 

1998 -746.478 -249.162 -248.652 3.17E+06 6.501 

2098 -744.941 -248.412 -223.772 3.73E+05 5.572 

2198 -743.087 -247.549 -198.973 5.36E+04 4.729 

2298 -740.904 -246.579 -174.266 9.15E+03 3.961 

2398 -738.38 -245.504 -149.661 1.82E+03 3.26 

2498 -735.503 -244.329 -125.169 4.15E+02 2.618 

2598 -732.259 -243.057 -100.799 1.06E+02 2.027 

2698 -728.636 -241.688 -76.561 3.04E+01 1.482 

            

  Al4C3 Extrapolated from 2500 K     

            

Formula FM (g/mol) Conc. (wt-%) Amount (mol) Amount (g) Volume (ml) 

Reactants           

Cu 63.546 41.425 4 254.184 28.369 

Al 26.982 21.986 5 134.908 49.966 

Si 28.086 22.886 5 140.428 60.295 

C 12.011 13.702 7 84.077 32.09 

Products           

Si 28.086 4.577 1 28.086 12.059 

Cu 63.546 41.425 4 254.184 28.369 

Al4C3 143.959 23.462 1 143.959 61 

SiC 40.097 26.139 4 160.386 50.755 

Al 26.982 4.397 1 26.982 9.993 
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4.4.3 Empirical Heat Diffusivity Criterion  

Industrial producers of metal matrix composites generally use casting methods to produce 

large quantities of the material. This is done by melting the metal matrix, then introducing the 

reinforcement particulates into the melt. During the design process of the composite, a simple 

model is used to determine the affinity for various particulates to preferentially disperse in the 

melt or be pushed out of the melt ahead of the solidification front. The empirical heat diffusivity 

criterion uses material constants, thermal conductivity (K), density (ρ), and specific heat (C), to 

predict whether dispersion is likely to occur. A ratio is calculated by the formula [50]:  �(������)

(������) > 1                (4.1)  

If the ratio is greater than one, dispersion is likely to occur. If the ratio is less than one, particles 

are likely to be pushed ahead of the solidification front and be rejected from the matrix. Table 

4.10 illustrates the prediction of this simple model for different cases of coated and uncoated 

particles in the matrix. It was assumed that the coated silicon carbide behaves as the coating 

would if it were a solid particle. The data shows that it is unfavorable for silicon carbide to 

disperse in an aluminum matrix. If the coating does not dissolve and there is no mixing with the 

liquid, copper coated particles would likely disperse easily in the matrix. However, if the coating 

dissolves and creates a region of high liquid copper or nickel content around the matrix, it can be 

assumed that the particulates are suspended in either a copper or nickel liquid. In that case it is 

more likely for silicon carbide to disperse by having a nickel coating. This scenario is 

represented by measurements taken from the cross-sections of deposits containing coated and 

uncoated deposits. Uncoated deposits are generally rejected from the matrix. Deposits containing 

high copper content coated silicon carbide particles showed the worst dispersion values, while 

deposits that contain nickel coated particles generally showed the highest amount of dispersion.  

4.5 Computational Fliud Mechanics Modeling 

 A computational fluid mechanics model was created to predict what velocity the melt 

pool must achieve to disperse particles in the matrix. The model is dependent on two main 

variables, particle radius (rp) and viscosity (η). Equation 7 was used to predict the various 

steady-state velocities (νss) that must be surpassed in the melt pool in order to disperse silicon 

carbide under different liquid matrix conditions. It was assumed that the nickel and copper 
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coatings were 

Table 4.10 Empirical heat diffusivity criterion values calculated for various possible 
particle/liquid interactions. 

 

 
 

 
incorporated into the liquid metal, so all conditions use 1250 kg/m3 as the particle density (��), 

the density of silicon carbide. Liquid density (�1) is 2385 kg/m3, the density of 6061 aluminum 

alloy. Using density values of aluminum and silicon carbide, the equation is: 

  ��� =
����.�∗����                 (4.2) 

The equation was analyzed with respect to particle radius and viscosity, respectively. Average 

particle radius was 22.8 µm given by laser light scattering of uncoated silicon carbide particles. 

This value was used when calculating steady-state velocities with respect to viscosity. For 

aluminum, viscosity is given by: 

     (4.3) 

where T is the melt pool temperature. Melt pool temperature was determined by using an 

infrared pyrometer to measure temperature values in the GTAF3 system during deposition shown 

in Figure 4.28. The average temperature is given by the dashed line. These values were used to 

calculate the change in viscosity of the matrix during deposition. Figures 4.29 and 4.30 display 

Al -Cu and Al-Ni phase diagrams, respectively. These phase diagrams were used to determine 

compositions of various liquids that may exist in local regions around coated particles. 

Viscosities for liquid Al, Cu, Ni, Al3Ni, AlNi, AlNi 3, Al2Cu, and Al0.1Cu0.9 were calculated 

using the rule of mixtures. From this procedure outlined an approximation of velocities can be 

used to determine the best coating for enhancing dispersion.  

 High speed video analysis of particles moving in a matrix during deposition provided 

data for actual melt pool velocities. Comparing melt pool velocity to steady-state velocity it can 

be determined that melt pool velocities higher than steady-state velocities will yield dispersion in 

the matrix. Figure 4.31 Illustrates the velocities required for silicon carbide particles to disperse 
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in various liquid matrices with respect to particle radius. Data points above respective solid lines 

indicate that particles of the specified radius will disperse in that particular liquid composition. 

This data is validated by mean free path measurements taken from EBF3 deposits. 

 

 

Figure 4.28  Time and temperature data of the melt pool in the GTAF3 system measured using 
an infrared pyrometer. 

 

 

Figure 4.29  Al -Cu binary phase diagram used to predict what phases may form in localized 
regions as a result of using copper coated silicon carbide particles [51], [52]. 
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Figure 4.30  Al -Ni binary phase diagram used to predict what phases may form in localized 
regions as a result of using nickel coated silicon carbide particles [51], [53]. 

 

Deposits with nickel content and low copper content enhanced dispersion compared to 

deposits containing uncoated and high copper coated silicon carbide. By examining the 

relationship of velocity to temperature, or viscosity, Figure 4.32 again shows the favorability for 

silicon carbide to disperse in nickel and low copper containing liquids. However, deposits 

containing nickel will have a higher melting temperature as illustrated by vertical lines in Figure 

4.32 which makes it difficult for complete dispersion due to the shortened time in the liquid state. 

Solidification rate, convection and particles radius are important factors when determining 

dispersion. This model did not take into account convection or the critical agglomeration size for 

particles. High convection rates and small particle size can lead to agglomeration even if the 

critical velocity for dispersion is reached or exceeded [38]. Future iterations or wire must contain 

particles with a critical particle size to mitigate agglomeration. Data tables and charts containing 

particle radius, viscosity, temperature, and velocity values are available in Appendix E. 
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Figure 4.31  The required velocity to promote dispersion as a function of particle radius for 
various liquids that may be present in the matrix in localized regions.  
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Figure 4.32 The required velocity to promote dispersion as a function of temperature 
(viscosity) for various liquids that may be present in the matrix in localized 
regions. Vertical lines indicate the melting temperature for each liquid.  
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  CONCLUSIONS 

Metal matrix composite wire consumables were created at the Colorado School of Mines 

specifically to be used in the EBF3 system at NASA-Langley Research Center. Variations of the 

coatings of the reinforcement particles as well as electron beam parameters were made to create 

a uniform metal matrix composite structure using EBF3. Analysis conducted on the wire 

consumables and EBF3 deposits was used to determine modifications made to wire development 

for future metal matrix composite consumables. Major conclusions drawn from this research are 

as follows: 

Through image analysis, it was determined that silicon carbide was uniformly distributed 

in the wire prior to deposition. The volume fraction of reinforcement particles in the wire 

reached a maximum of 41 pct. of the target volume fraction. The difference may have been 

caused by segregation issues during mixing due to density differences and static charging of the 

particles.  

Compositional analysis revealed that copper additions in the wires were out of Al 6061 

alloy specifications prior to deposition. The magnesium content was increased to 200 pct. of the 

desired composition to accommodate vaporization loss during deposition.  

Compositional analysis of the deposits, however, determined that there is actually 75 to 

80 pct. vaporization loss of magnesium during deposition, compared to the 50 pct. measured for 

monolithic aluminum alloy wires. This extra loss of magnesium caused the deposits to fall 

outside the compositional specifications designated for Al 6061 alloys. 

All deposits, regardless of particle coating or beam condition, exhibited some degree of 

clustering of the reinforcement particles. It was determined that using low amounts of copper or 

nickel coating, or non-pulsed electron beam parameters, enhanced particle dispersion in the 

matrix.  

High nickel content eliminates the formation of aluminum carbide.  Low nickel content 

was the best coating for mitigating aluminum carbide formation, enhancing dispersion, and 

retaining a high volume fraction of silicon carbide in the matrix. Deposits with high copper 

content performed poorly in all areas of study.  

It was determined that the use of a defocused beam provides the best depositions for all 

materials. Deposits made using a defocused beam contained low amounts of aluminum carbide 

formation and high amounts of retained silicon carbide while providing the best conditions for 
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particle dispersion. The defocused beam condition also produced deposits with a large overfill 

height and small depth of penetration, which is ideal for reducing the amount of disturbance to 

previous layers during deposition.  

Thermodynamic models were created to predict phases formed during deposition. The 

models showed that if the silicon carbide is broken up, carbon and aluminum are likely to form 

aluminum carbide because of the favorable thermodynamics.  

The empirical heat diffusivity criterion shows that it is much more favorable for silicon 

carbide to disperse with a nickel coating rather than a copper coating. The fluid dynamics model 

also determines that kinetically it is easier to disperse silicon carbide with a nickel coating. Low 

amounts of copper were found to disperse the SiC particulates. Results from analysis of the 

deposits validate the models. The fluid mechanics model also shows that high amounts of nickel 

will disperse the particles, but only at temperatures higher than the operating temperatures 

measured.  

Materials created for this study showed potential to deposit metal matrix composite 

structure using EBF3. The results collected from this study were used to gain a better 

understanding of the compatibility and interactions of silicon carbide particles with an aluminum 

matrix under non-equilibrium conditions. These results will serve as a baseline for modifying 

current iterations of materials and beam conditions to create homogenous metal matrix 

composite structures, using EBF3, for commercial production.  
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  RECOMMENDATIONS FOR FUTURE WORK 

Thermodynamic and kinetic calculations were used to predict particle behavior, and exploratory 

deposition of the Al/SiC MMC was performed under the current activity.  Two main challenges 

left to overcome are the elimination of aluminum carbides which are detrimental to the matrix 

and uniform particle dispersion. Initial calculations did not account for surface tension effects. It 

is theorized that surface tension of the liquid aluminum matrix may be contributing to particle 

clustering of the matrix. Thermodynamic models can be expanded to include the effects of 

surface treatments of the SiC on the propensity for matrix/particulate reaction. Creating a 

computational model of the Al/SiC system including the effects of surface tension will provide 

additional insight to modify particulate surface conditions and the matrix alloy to eliminate 

aluminum carbide formation and enhance particle dispersion. Further optimization of the EBF3 

deposition parameters, including melt pool agitation, may be explored to further promote 

uniform dispersion. Surface tension and fluidity experiments conducted based on current 

compositional ranges can be used to verify the model and determine an optimal compositional 

range for dispersing the particles uniformly throughout the matrix. The anticipated outcome is to 

produce materials with superior mechanical properties (e.g. stiffness and strength) that can be 

tailored for optimal structural efficiency.  

  As guided by the models, modifications can be made to the aluminum alloy and the 

surface condition of the reinforcement particles to inhibit the formation of detrimental phases 

(secondary carbides), enhance the wettability and dispersion of the particles in the matrix and 

reduce the crack susceptibility of the solidified structure. A number of powder cored tubular 

wires produced using design of experiments (DOE), adjusting particulate volume fraction and 

size can be deposited using the EBF3 process. Samples extracted for compositional analysis can 

be compared with the composition of the wires to determine vaporization loss. Microstructural 

analysis using electron microscopy combined with image analysis methods would serve as viable 

methods to determine grain size and spatial distribution of the particles in the matrix and perform 

phase identification. Mechanical property testing of the deposited materials will evaluate 

strength, elastic modulus, and fracture toughness and additional properties as directed by results. 

Measured properties compared with commercial metal matrix composites would verify the 

feasibility of using this material in real applications. Iterations in alloy chemistry and particulate 

condition and volume percent would optimize the PCTW composition and properties of the 
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resulting deposited materials. 

 Upon successful deposition of the MMC wires, materials with composition grades from 

monolithic aluminum to the metal matrix composite can be deposited and characterized to 

determine uniformity of the gradient.  Since the development of graded metal matrix composite 

structures created by electron beam freeform fabrication is a new sector of research, methods for 

characterization of graded composition materials should be researched and modified as needed to 

enable characterization sufficient to correlate mechanical properties with composition and 

microstructural gradients.  Mechanical testing techniques such as micro-tensile testing with 

digital image correlation and micro hardness are such examples of characterization techniques 

that may be used to determine properties along the gradient.  

Reinforcement variations such as whisker, and continuous fiber SiC can be explored for the 

future development of MMC deposits with orientation dependent properties. The feasibility of 

implementing other carbides into an aluminum matrix would serve as a precursor to develop 

other MMC wire feedstock for the EBF3 system. 
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APPENDIX A: WIRE CHARACTERIZATION 

Wire samples were cross-sectioned axially as well as longitudinally to examine the 
integrity of the lap joint as well as the compaction of the powder cored. Images are studied to 
distinguish the various powder additions, determine if there are large voids in the core and to 
determine if silicon carbide distribution is uniform throughout the core. Uniformity is considered 
over a 1 mm length of longitudinal cross-section. 

 

 

Figure A.1 Axial cross-sectional backscattered electron image of a wire containing uncoated 
silicon carbide. The integrity of the lap joint is maintained and particles are fully 
packed in a uniform distribution.  

 



87 

 

 

 

 

 

 

 

 

 

 

Figure A.2 A longitudinal cross sectional backscattered electron image of a wire containing 
uncoated silicon carbide. EDS and contrast measurements determine the 
difference between silicon (light) and silicon carbide (dark) particles in the wire. 
Relatively uniform distribution of silicon carbide particles in the wire is shown. 
Voids are not present in the core of the wire.  

 

 

 

95 pct. wt. Silicon 87 pct. wt. Silicon 

13 pct. wt. Carbon 
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Figure A.3 A longitudinal cross sectional backscattered electron image of a wire containing 
silicon carbide with a high copper content. High copper content particles 
agglomerate towards the center of the wire in a straight line. The copper coating 
was determined to maintain uniform coverage on the silicon carbide particle.  
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Figure A.4 Axial cross-sectional backscattered electron image of a wire containing silicon 
carbide with a low copper content. The integrity of the lap joint is compromised 
to due powder entrapment. This leads to unravelling of the sheath during 
deposition, which creates less desirable deposits.  Uniform distribution of silicon 
carbide in the core was observed.  
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Figure A.5 A longitudinal cross sectional backscattered electron image of a wire containing 
silicon carbide with a copper content. There is incomplete coverage of copper 
coating on the silicon carbide. The particles show a much more uniform 
distribution high copper content particles.  
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Figure A.6 A longitudinal cross sectional backscattered electron image of a wire containing 
silicon carbide with a high nickel content. Complete coverage of the coating was 
observed. Insufficient volume fraction can be observed compared to that of other 
wires.  
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Figure A.7 Axial cross-sectional backscattered electron image of a wire containing silicon 
carbide with a high nickel content. The lap joint is completely sealed near the 
powder, protecting it from loss or contamination, however it maintains a gap 
which could lead to unravelling during deposition.  
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Figure A.8 A longitudinal cross sectional backscattered electron image of a wire containing 
silicon carbide with a low nickel content. Incomplete coverage of the coating was 
observed. Uniform distribution of the powder was maintained in the longitudinal 
direction.  
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Figure A.9 Axial cross-sectional backscattered electron image of a wire containing silicon 
carbide with a low nickel content. The lap joint is not completely sealed which 
could lead to unravelling during deposition. The particles are evenly distributed in 
the powder core.  
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APPENDIX B: MULTIPLE LAYER DEPOSIT CHARACTERIZATION 

 

Figure B.1 A) Macroscopic cross-section of a multiple layer deposit containing uncoated 
silicon carbide using a focused rastered electron beam with a (0.25f) frequency 
pulse. B) High magnification of a silicon carbide cluster showing particle 
separation and aluminum carbide formation. 

 

 

Figure B.2  A) Macroscopic image of a deposit with high copper content made using a 
focused rastered beam with a (0.25f) frequency pulse. B) High magnification 
image of a cluster in the matrix showing the high amounts of intermetallic as well 
as the presence of aluminum carbide. 



96 

 

.  

Figure B.3  A) Macroscopic image of a deposit with low copper content made using a focused 
rastered beam with a (0.25f) frequency pulse. B) High magnification image of 
clusters in the matrix showing the low amounts of intermetallic as well as the 
presence of aluminum carbide. 
 

 

Figure B.4 A) Macroscopic image of a deposit with high nickel content made using a focused 
rastered beam with a (0.25f) frequency pulse. B) High magnification image of 
clusters in the matrix showing the high amounts of intermetallic with no presence 
aluminum carbide. 
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Figure B.5 A) Macroscopic image of a deposit with low nickel content made using a focused 
rastered beam with a (0.25f) frequency pulse. B) High magnification image of 
clusters in the matrix showing the low amounts of intermetallic with no presence 
aluminum carbide. 
 

 

Figure B.6 A) Macroscopic cross-section of a multiple layer deposit containing uncoated 
silicon carbide using a focused rastered electron beam with a (f) frequency pulse. 
B) High magnification of a silicon carbide cluster showing particle separation and 
aluminum carbide formation. 
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Figure B.7  A) Macroscopic image of a deposit with high copper content made using a 
focused rastered beam with a (f) frequency pulse. B) High magnification image of 
a cluster in the matrix showing the high amounts of intermetallic as well as the 
presence of aluminum carbide. 

 

Figure B.8  A) Macroscopic image of a deposit with low copper content made using a focused 
rastered beam with a (f) frequency pulse. B) High magnification image of clusters 
in the matrix showing the low amounts of intermetallic as well as the presence of 
aluminum carbide. 
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Figure B.9 A) Macroscopic image of a deposit with high nickel content made using a focused 
rastered beam with a (f) frequency pulse. B) High magnification image of clusters 
in the matrix showing the high amounts of intermetallic with no presence 
aluminum carbide. 

 

Figure B.10 A) Macroscopic image of a deposit with low nickel content made using a focused 
rastered beam with a (f) frequency pulse. B) High magnification image of clusters 
in the matrix showing the low amounts of intermetallic with no presence 
aluminum carbide. 
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Figure B.11 A) Macroscopic cross-section of a multiple layer deposit containing uncoated 
silicon carbide using a defocused electron beam. B) High magnification of a 
silicon carbide cluster showing particle separation and aluminum carbide 
formation. 

 

Figure B.12  A) Macroscopic image of a deposit with high copper content made using a 
defocused beam. B) High magnification image of a cluster in the matrix showing 
the high amounts of intermetallic as well as the presence of aluminum carbide. 
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Figure B.13  A) Macroscopic image of a deposit with low copper content made using a 
defocused beam. B) High magnification image of clusters in the matrix showing 
the low amounts of intermetallic as well as the presence of aluminum carbide. 

 

 

Figure B.14 A) Macroscopic image of a deposit with high nickel content made using a 
defocused beam. B) High magnification image of clusters in the matrix showing 
the high amounts of intermetallic with no presence aluminum carbide. 
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Figure B.15 A) Macroscopic image of a deposit with low nickel content made using a 
defocused beam. B) High magnification image of clusters in the matrix showing 
the low amounts of intermetallic with no presence aluminum carbide. 
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Table B.1: Multiple layer build comparison of different measurements taken for each coating and beam condition. Defocused 
pulsed beam condition trials included.  

 

 

 

Sample Spot 
Beam 

Motion 

Normalized 

Pulse (Hz) 

% 

Particle 

% Clusters 

Containing Al4C3 
Cracks 

Average Cluster 

Size (mm2) 

Average Mean 

Free Path (mm) 

7_UC Focused Rastered 0 1.43 35.7 Yes 0.08 3.42 

6_HCC Focused Rastered 0 0.42 60 Yes 0.31 2.58 

6_LCC Focused Rastered 0 1.11 20  No  0.09 4.53 

6_HNC Focused Rastered 0 0.87 0 No 0.08 7.42 

6_LNC Focused Rastered 0 1.87 0 No 0.06 3.58 

14_UC Focused Rastered 0.25f 2.35 10 Yes 0.04 4.99 

4_HCC Focused Rastered 0.25f 0.60 30 Yes 0.12 3.48 

4_LCC Focused Rastered 0.25f 1.85 6 No 0.07 3.35 

4_HNC Focused Rastered 0.25f 1.03 0 No 0.07 5.06 

4_LNC Focused Rastered 0.25f 1.09  0 No  0.11 2.14 

12_UC Focused Rastered f 1.36 12.5 No 0.07 3.62 

8_HCC Focused Rastered f 0.37 12.5 No 0.26 1.89 

8_LCC Focused Rastered f 1.45  26.7  No  0.06 4.34 

8_HNC Focused Rastered f 0.25 0 No 0.22 4.46 

8_LNC Focused Rastered f 1.51  11.1 No 0.07 6.10 

10_UC Defocused None 0 2.69 12.5 Yes 0.07 2.36 

2_HCC Defocused None 0 1.19 18.0 Yes 0.15 3.78 

2_LCC Defocused None 0 2.35 6.7 No  0.09 3.13 

2_HNC Defocused None 0 1.09 0 Yes 0.14 4.84 

2_LNC Defocused None 0 1.71  12.5 No  0.07 3.56 

9_HCC Focused Rastered 0 1.39 0.00 Yes 0.08 2.97 

13_LNC Defocused None 0 2.25  0.25 No  0.05 3.75 

12_LCC Defocused None 0.25f 2.15 0.27 No  0.07 4.48 

10_HNC Defocused None 0.25f 1.01 0.00 No 0.07 5.69 

10_LNC Defocused None 0.25f 1.18  0.29 Yes 0.13 4.50 

10_LCC Defocused None f 1.80  0.5  No  0.07 3.96 

12_HNC Defocused None f 0.86 0.00 No 0.15 3.78 

12_LNC Defocused None f 0.99  0.29 No 0.08 5.89 
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APPENDIX C: SINGLE LAYER DEPOSIT CHARACTERIZATION 

Table C.1: Single layer build comparison of different measurements taken for each coating and beam condition. Defocused pulsed 
beam condition trials included.  

Sample Spot 
Beam 

Motion 

Pulse 

(Hz) 

% 

Particle 

% Clusters 

Containing Al4C3 
Cracks 

Width 

(mm) 

Overfill 

Height (mm) 

Depth of 

Penetration (mm) 

Aspect 

Ratio 

5_HCC Focused Rastered 0 0.00  0 Yes 4.91 1.26 1.18 2.01 

5_LCC Focused Rastered 0 0.21 0 Yes 5.02 1.40 0.82 2.26 

5_HNC Focused Rastered 0 0.00  0 Yes 5.47 1.24 1.56 1.95 

5_LNC Focused Rastered 0 0.16 0 No 5.37 1.36 1.23 2.07 

13_UC Focused Rastered 0.25f 0.35 0 Yes 4.86 1.35 1.13 1.96 

3_HCC Focused Rastered 0.25f 0.16  0 Yes 4.58 0.98 1.00 2.31 

3_LCC Focused Rastered 0.25f 0.82 50 No 4.82 1.41 0.77 2.21 

3_HNC Focused Rastered 0.25f 0.00  0 Yes 5.10 1.16 1.15 2.21 

3_LNC Focused Rastered 0.25f 0.18 100  Yes  5.06 1.17 1.09 2.24 

11_UC Focused Rastered f 0.83  50 Yes 5.03 1.01 0.94 2.58 

7_HCC Focused Rastered f 0.24 0 Yes 5.23 1.25 1.20 2.13 

7_LCC Focused Rastered f 0.22 100 Yes 5.13 1.29 0.87 2.38 

7_HNC Focused Rastered f 0.11 0  Yes  5.02 1.32 1.17 2.10 

7_LNC Focused Rastered f 0.17 0 Yes 5.40 1.34 0.90 2.41 

1_HCC Defocused None 0  0.06 0 Yes 4.64 1.49 0.80 2.03 

1_LCC Defocused None 0  0.78 0 Yes 3.71 1.43 0.69 1.75 

1_HNC Defocused None 0  0.00 0  Yes  4.88 1.24 1.08 2.10 

1_LNC Defocused None 0 0.86 100  Yes 4.70 1.49 1.01 1.88 

9_LCC Defocused None f 0.31  100 Yes 5.30 0.58 0.96 3.44 

11_LCC Defocused None 0.25f 0.26  0 No 5.16 1.18 0.87 2.52 

9_HNC Defocused None 0.25f 0.13 0  Yes  5.58 1.22 1.15 2.35 

11_HNC Defocused None f 0.00  0 Yes 5.67 1.15 1.12 2.50 

9_LNC Defocused None 0.25f 0.25 100 No 5.69 1.65 1.17 2.02 

11_LNC Defocused None f 0.25 0 No 5.34 1.22 1.16 2.24 
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APPENDIX D: THERMOCALC MODELS 

 

 

 

 

Figure D.1: Pseudo-binary phase diagram of the Al 6061 alloy. Composition set at Al – 1.0 
wt. pct. Mg – 0.25 pct. wt. Cu with varying amounts of silicon. 
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Figure D.2 Al -Cu-Si isothermal ternary phase diagram at 675 K.   
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Figure D.3 Al -Ni-C isothermal ternary phase diagram at 1350 K. 
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Figure D.4 Al -Ni-C isothermal ternary phase diagram at 675 K.  
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APPENDIX E: HSC EQUILIBRIUM REACTION TABLES 

 

Table E.1: Equilibrium reaction data for the Al-Mg-SiC system predicting the favorability of 
maintaining silicon carbide stability in the presence of magnesium.  
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Table E.2: Equilibrium reaction data for the Al-Mg-SiC system predicting the favorability of 
stabilizing aluminum carbide formation in the presence of magnesium. It is more 

favorable than maintaining silicon carbide.  
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Table E.3: Equilibrium reaction data for the Al -Mg-Cu-SiC system predicting the 
favorability of maintaining silicon carbide stability. 

 

  

Cu + 5Al + 4SiC + 4Mg +Si = Mg2Si + 4SiC + 5Al +Mg2Cu 
T (K) ΔH (kJ) ΔS (J/K) ΔG (kJ) K Log(K) 

            

298 -108.787 -14.035 -104.605 2.17E+18 18.337 

398 -109.378 -15.746 -103.111 3.42E+13 13.534 

498 -109.912 -16.946 -101.473 4.41E+10 10.644 

598 -110.389 -17.82 -99.733 5.16E+08 8.712 

698 -110.865 -18.555 -97.914 2.13E+07 7.328 

798 -111.416 -19.291 -96.022 1.93E+06 6.286 

898 -75.56 23.425 -96.596 4.16E+05 5.619 

998 -110.1 -13.97 -96.157 1.08E+05 5.033 

1098 -110.898 -14.733 -94.721 3.21E+04 4.507 

1198 -111.673 -15.408 -93.214 1.16E+04 4.065 

1298 -112.45 -16.031 -91.641 4.88E+03 3.688 

1398 -40.662 36.136 -91.18 2.55E+03 3.407 

1498 -41.267 35.718 -94.773 2.02E+03 3.305 

1598 -41.913 35.301 -98.324 1.64E+03 3.214 

1698 -92.781 5.102 -101.443 1.32E+03 3.121 

1798 -93.281 4.815 -101.939 9.16E+02 2.962 

1898 -93.782 4.544 -102.407 6.59E+02 2.819 

1998 -94.282 4.287 -102.848 4.89E+02 2.689 

2098 -94.783 4.043 -103.265 3.73E+02 2.571 

2198 -95.283 3.81 -103.657 2.91E+02 2.464 

2298 -95.784 3.587 -104.027 2.32E+02 2.365 

2398 -96.285 3.374 -104.375 1.88E+02 2.274 

2498 -96.785 3.169 -104.702 1.55E+02 2.19 

2598 -97.286 2.973 -105.009 1.29E+02 2.111 

2698 -97.786 2.784 -105.297 1.09E+02 2.039 

            

Mg2Si Extrapolated from 2000 K   
Mg2Cu Extrapolated from 840 K   

            

Formula FM (g/mol) Conc. (wt-%) Amount (mol) Amount (g) Volume (ml) 

Reactants           

Cu 63.546 13.125 1 63.546 7.092 

Al 26.982 27.865 5 134.908 49.966 

SiC 40.097 33.128 4 160.386 50.755 

Mg 24.305 20.081 4 97.22 55.874 

Si 28.086 5.801 1 28.086 12.059 

Products           

Mg2Si 76.696 15.841 1 76.696 38.54 

SiC 40.097 33.128 4 160.386 50.755 

Al 26.982 27.865 5 134.908 49.966 

Mg2Cu 112.156 23.166 1 112.156 0 
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APPENDIX F: FLUID MECHANICS CALCULATIONS 

Boundary conditions for calculating steady state velocity with respect to viscosity are as follows: 

 

*r p is the average particle radius based on measurements from static laser light scattering 
analysis of the particles. Temperature values were measured using the infrared pyrometer and 
given in Table A6.1. Those measurements were used to determine viscosity and steady state 
velocity for various compositions at temperatures equivalent the melt pool shown in Table 
A6.2.Values in red are data points calculated below the melting temperature  

Table F.1  Temperatures of the melt pool measured by the infrared pyrometer. 

Time (s) Temperature (°C) 
0.30 1305.2 
0.80 1455.3 
1.30 1506.5 
1.80 1368.5 
2.30 1503.2 
2.80 1693.5 *max 
3.30 1417.2 
3.80 1607.6 
4.30 1379.1 
4.80 1380.7 
5.20 1489.9 
5.80 1387.3 
6.30 1471 
6.70 1375.5 
7.20 1307.5 
7.70 1153.4 
8.20 1050.3 
8.70 967.4 
9.20 895.5 
9.70 831.8 

10.20 772.8 
10.80 749.9 *min 
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Table F.2:  Viscosity and steady state velocity data for various compositions and temperatures seen in the melt pool. 

 

 

Al viscosity  
(cP) 

Al vss  x 

10-3 
 (m/s) 

Ni 

viscosity  
(cP) 

Ni vss  x 

10-3  
(m/s)  

NiAl3 

viscosity  
(cP) 

NiAl3 vss  

x 10-3 
 (m/s) 

NiAl 

viscosity  
(cP) 

NiAl vss  

x 10-3  
(m/s) 

Ni3Al 

viscosity  
(cP) 

 Ni3Al vss  

x 10-3 
 (m/s) 

Cu 

viscosity  
(cP) 

Cu vss  x 

10-3  
(m/s) 

Al2Cu 

viscosity 
 (cP) 

Al2Cu vss  x 

10-3 (m/s) 

Al0.1Cu0.9 

viscosity  
(cP) 

Al0.1Cu0.9 

vss  x 10-3 
 (m/s) 

0.52 1.75 7.63 0.84 2.30 0.37 4.08 0.73 5.85 0.64 3.07 2.10 1.37 0.12 2.82 1.75 
0.47 1.96 5.47 1.18 1.72 0.50 2.97 1.01 4.22 0.88 2.51 2.57 1.14 0.14 2.31 2.14 
0.46 2.02 4.95 1.30 1.58 0.54 2.70 1.11 3.82 0.97 2.36 2.74 1.09 0.15 2.17 2.27 
0.50 1.84 6.58 0.98 2.02 0.42 3.54 0.84 5.06 0.74 2.81 2.30 1.26 0.13 2.58 1.92 
0.46 2.02 4.98 1.29 1.59 0.54 2.72 1.10 3.85 0.97 2.37 2.73 1.09 0.15 2.18 2.27 
0.41 2.25 3.58 1.79 1.20 0.71 2.00 1.50 2.79 1.33 1.94 3.33 0.92 0.17 1.79 2.76 
0.48 1.91 5.92 1.09 1.84 0.47 3.20 0.93 4.56 0.82 2.64 2.45 1.19 0.13 2.42 2.04 
0.43 2.15 4.12 1.56 1.35 0.63 2.28 1.31 3.20 1.16 2.12 3.06 0.99 0.16 1.95 2.54 
0.50 1.85 6.43 1.00 1.98 0.43 3.46 0.86 4.94 0.75 2.77 2.33 1.25 0.13 2.54 1.94 
0.50 1.86 6.40 1.00 1.97 0.43 3.45 0.87 4.93 0.76 2.77 2.34 1.24 0.13 2.54 1.95 
0.46 2.00 5.11 1.26 1.62 0.53 2.78 1.07 3.95 0.94 2.41 2.68 1.10 0.14 2.22 2.23 
0.49 1.87 6.31 1.02 1.95 0.44 3.40 0.88 4.86 0.77 2.74 2.36 1.23 0.13 2.52 1.96 
0.47 1.98 5.30 1.21 1.67 0.51 2.88 1.04 4.09 0.91 2.47 2.62 1.13 0.14 2.27 2.18 
0.50 1.85 6.48 0.99 1.99 0.43 3.49 0.86 4.98 0.75 2.78 2.32 1.25 0.13 2.56 1.93 
0.52 1.76 7.58 0.85 2.29 0.37 4.05 0.74 5.82 0.64 3.06 2.11 1.36 0.12 2.81 1.76 
0.60 1.53 11.46 0.56 3.31 0.26 6.03 0.50 8.74 0.43 3.94 1.64 1.70 0.09 3.60 1.37 
0.67 1.38 15.93 0.40 4.48 0.19 8.30 0.36 12.12 0.31 4.81 1.34 2.04 0.08 4.40 1.12 
0.74 1.24 21.61 0.30 5.96 0.14 11.18 0.27 16.39 0.23 5.79 1.12 2.41 0.07 5.29 0.94 
0.81 1.13 29.03 0.22 7.87 0.11 14.92 0.20 21.97 0.17 6.93 0.93 2.83 0.06 6.32 0.78 
0.90 1.02 39.27 0.16 10.49 0.08 20.09 0.15 29.68 0.13 8.32 0.78 3.35 0.05 7.58 0.65 
0.99 0.92 53.45 0.12 14.11 0.06 27.22 0.11 40.34 0.09 10.04 0.64 3.98 0.04 9.13 0.54 
1.04 0.89 60.82 0.11 15.98 0.05 30.93 0.10 45.88 0.08 10.86 0.60 4.28 0.04 9.88 0.50 
1.25 0.73 107.40 0.06 27.79 0.03 54.33 0.06 80.87 0.05 15.34 0.42 5.90 0.03 13.93 0.35 
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