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ABSTRACT 

 

The weight savings associated with PM aluminum and the ability to produce precise, consistent net-

shaped parts have been key driving forces for growth.  High cooling rates experienced in the gas 

atomization process extends the solubility of alloying elements, particularly transition and rare earth 

elements, and refines the structure of intermetallic phases.  This technology has provided a series of next 

generation, high performance aluminum PM materials, which use evenly dispersed nano-sized crystals 

and quasi-crystals to provide significant improvements in strength and wear properties.  These powders 

have been consolidated into useful forms by hot extrusion; however, part size, complexity and cost can be 

limitations.  This work describes the properties developed in these next generation alloys through the 

application of specialty processing technologies, such as, Additive Friction Stir (AFS), Field Assisted 

Sintering Technology (FAST), Cold Spray Consolidation (CSC), and Inertia Rotary Friction Welding 

(IRFW). 

 
INTRODUCTION 
 

Alloy Background 

 

Although the current PM aluminum alloy powders can develop useful properties, these materials are 

frequently restricted to low stress applications,
1-3

 which include automotive cam caps and power tools.  

Furthermore, the mechanical properties of existing PM aluminum alloy powders, particularly, Young’s 

modulus, wear resistance and elevated temperature property stability, do not meet the requirements for an 

expanded range of more demanding applications, e.g., automotive engine and transmission components, 

aerospace, military and high performance transportation and other vehicle applications.  The development 

of a wide range of high performance PM aluminum alloys for medium to high stress applications, such as 

those subjected to cyclic stresses at elevated temperature, is required for continued growth of aluminum 

PM.  New material development will include robust processing technologies and innovative product 

design.   

 

Current development work focuses on a new generation of enhanced aluminum PM alloys using additions 

of transition metals (TM) including Ti, Cr, Mn, Mo, Fe, Ni, Si and other additives may be included as 

well.  Thus, the “AL-TM” designation has been used for the new alloys included in this study.  The 

maximum addition of the TM alloying element(s) is about 15% by weight.  These AL-TM materials are 

designed to be strengthened by amorphous and quasi-crystalline (icosahedral) phases.
4
  The AL-TM 

powders used in this study were produced by induction melting, followed by an inert gas atomization 

process, and screened to remove oversize (+400 µm) particles and yield specific fractions of interest, e.g. 

-100 µm powder. 

 

Figure 1 shows scanning electron microscope (SEM) images of a typical microstructure of the AL-TM 

aluminum alloy compared with a cast sample of the same alloy composition. Because the difference in 

size of the microstructures is so large the SEM images were taken at a variety of magnifications. The PM 

alloy exhibits a homogenous microstructure with very fine and evenly distributed TM-rich particles in a 

crystalline aluminum matrix, as shown in Figure 1 (a) to (c). This microstructure is in strong contrast to 

the cast sample, which has a relative heterogeneous microstructure, and the TM-rich phases are much 



larger as shown in Figure 1 (d). In the cast sample, the size of the majority of the TM-rich phases is in the 

range of 110-200 microns; whereas the typical size of these phases in the PM processed alloy is only 30-

250 nanometers. The rapid solidification technology of the atomization process allows precise and 

consistent microstructure control even under commercial mass-production conditions.
4
  

 

 
 

Figure 1 - SEM images of the AL-TM alloy (a-c, 1 micron scale bar) compared to the equivalent 

cast alloy (d, 20 micron scale bar). 

 

Press and Sinter Characterization 

 

To provide a baseline for the evaluation of alternate processing options, 0.5 wt. % Acrawax C was 

admixed with the AL-TM powder.  AL-TM was compacted at ambient temperature into rectangular bars 

124.5 mm L by 22.9 mm W by 15.2 mm H (4.9 inches by 0.9 inches by 0.6 inches) using compaction 

pressure of 620 MPa (45 tsi).  The as-compacted density was 2.6 g/cm
3
.  The test parts were sintered in a 

controlled atmosphere belt furnace.  The delubrication temperature was in the 420 to 425
o
C range (785 – 

800
o
F) for 20 minutes and a dry nitrogen furnace atmosphere was used.  The bars were sintered in 

nitrogen for 30 minutes at 500
o
C (930

o
F).  The test pieces showed a +0.20% dimensional change after 

sintering, which produced a sintered density of 2.69 g/cm
3
.  The as-sintered microstructure has been 

illustrated in the photomicrograph in Figure 2.  The readily visible prior particle boundaries and irregular 

pore structure indicate that there was limited evidence of densification (~ 90% ρth) during the sintering 

process.  Hardness tests found the as-sintered materials to have values in the 90 to 93 HRF range.  After 

sintering, the UTS was measured at a value of 15 MPa (2180 psi).       

  

 
 

Figure 2 – Example of the AL-TM microstructure produced by pressing and sintering (200X, 50 µm scale 

bar, as-polished)  

 

  



Extrusion Processing 
 

From a historical perspective, extrusion is a relatively recent addition to the metal working industry,
5
 and 

a number of comprehensive texts have been written on the development, application and mechanics of the 

extrusion process.
5,6

  Powder extrusion provides a means to produce a useful shape, e.g. seamless tube, 

wire, etc., that might not be readily produced by other manufacturing means.  Some of the potential 

reasons to select the extrusion of metal powders include:  

 

 Extrusion has the ability to form shapes from materials that are difficult or impossible to process 

by casting or working, 

 This process can produce microstructural refinement and minimize segregation to provide 

improved materials properties and performance, 

 Extrusion can provide for the dispersion of one species into another from a powder mixture, 

 A wrought structure can be formed from powder without the need for sintering or other thermal 

treatment, and  

 Powder extrusion can provide reduced extrusion pressure and increased extrusion press ram 

velocity rates over wider temperature ranges.
7
  

 

A direct extrusion process was used to process the AL-TM alloy powders to provide baseline mechanical 

properties for evaluation of the subsequently described processing options.  Both encapsulated (canned) 

and cold isostatically pressed (CIP) feed billets were examined as feedstock options.  Due to green 

strength limitations of the CIP’ed billet, the canned feed billet filled with -100 µm AL-TM powder 

became the preferred option.  Simple rod extrusions were produced in this study, and the outside diameter 

of the rods included 42.7, 82.6 and 101.6 mm (1.68, 3.25 and 4.0 inches).  Depending on the extrusion 

press capacity and processing parameters, the extrusion ratio ranged from 6.7:1 to 25:1, and the extrusion 

output rate ranged from 12 cm/minute to 304.8 cm/minute (4.7 in. /minute to 10 ft. /minute).  Table 1 

compares the key mechanical properties of the hot extruded AL-TM powder with the typical values for 

the 7075-T73 and 2618-T61 wrought alloys.  Ambient temperature tension tests were conducted 

following the methods described in ASTM E 8.  The guidelines in ASTM E 21 provided direction for the 

elevated temperature tension tests.  Hardness measurements followed the methods in ASTM E 18.  The 

resonant frequency test method (GrindOSonic - ASTM C 1259) was used to measure Young’s modulus.  

Fatigue life testing followed the modified stair case method (IACS UR M53, Appendix IV). 
 

Table 1 - Summary of the key mechanical properties of the hot extruded AL-TM powder and the 7075-T73 

and 2618-T61 wrought alloys. 

 

Alloy: 

Property: 

AL-TM 7075-T73 2618-T61 

UTS (MPa) @ 25
o

C 
460 – 510 440 – 580 400 – 440 

YS (MPa) 375 – 405 360 – 430 310 – 370 

Elongation (%) 4.5 – 9 6 – 13 4 – 10 

Hardness (HRB) 75 – 80 72 – 87 70 – 75 

UTS (MPa) @ 200
o

C  

after aging for 100 hr. @ 200
o

C 

 

330 

 

165 

 

255 

Young’s Modulus (GPa) 96 73 74 

Fatigue Life (MPa)  

(R = -1, 10
7

 cycles) 

150 90 100 

 



While the mechanical properties of the extruded powder AL-TM alloy compares favorably with the two 

reference wrought aluminum alloys, one of the unique observations was the stability of the mechanical 

properties at elevated temperature.  The graph in Figure 3 shows this characteristic in more detail. 

 

 
 

Figure 3 – Example of the loss in mechanical strength of the hot extruded AL-TM powder and the 

7075-T651 and 2618-T61 wrought alloys as a function of test temperature. 

 

Similar thermal stability characteristics were measured when the AL-TM extrusion samples were aged for 

100 hours at a designated temperature and then tested at ambient temperature (25
o
C).  As illustrated in 

Figure 4, one did not see substantial changes in the hardness or UTS until the aging test was conducted at 

temperatures above 300
o
C. 

 

 
 
Figure 4 – Example of the loss in mechanical strength and hardness measured at 25

o
C of the hot 

extruded AL-TM powder after aging for 100 hours at the designated temperature. 
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While the hot extrusion process provided a means to consolidate the AL-TM powders into a form that 

could be used for subsequent processing, e.g. forging or machining, there are potential limitations.  Some 

of those limitations include: 

 

 Cost of preparation of canned or consolidated feed billets, 

 Fine powders with high specific surface areas require higher extrusion pressure than a coarse 

powder of similar composition, 

 The size and shape of the extruded part can be limited by the extrusion press capacity and the 

thermomechanical processing characteristics the powder,  

 Variation in the processing parameters, e.g. excessive preheating temperature and/or time-at-

temperature, can reduce the mechanical properties of the extruded powder, 

 The cost of scrap material from unusable portions of the extrusion, and  

 The costs of removal of the residual can material from the extrusion. 

 

Therefore, the subsequently described specialty processing techniques were investigated to provide 

alternate means to consolidate the AL-TM powder or join the products of the powder extrusion process. 

 

Additive Friction Stir (AFS) 

 

Additive Manufacturing (AM) has been described as a freeform process that can produce complex parts 

without the design constraints of traditional manufacturing methods.  A simplistic description might 

describe the AM process as using the transfer of a digital file to a machine that builds the three-

dimensional part layer-by-layer from a metal powder source, using a laser or an electron beam to fuse the 

particles together.
8
  AM has produced advancements in material performance with powder alloys, 

however, many proprietary alloy powders cannot undergo liquid state processing, thus limiting or 

negating altogether the use of these materials in AM processes.  Therefore, alternate processing methods 

are needed, and Additive Friction Stir (AFS) offers an alternative solution.   

 

AFS is a novel solid-state thermo-mechanical additive manufacturing process that produces high-

deposition rate AM without melting.  Filler material is forced to flow through the hollow AFS tool and is 

then stirred into the substrate at a high deposition rate.  The process yields a metallurgical bond between 

additive and substrate with a refined grain structure.  AFS deposits are fully dense and do not require a 

secondary densification process.  AFS allows a greater variety of powders to be used for AM of parts, 

billet fabrication, joining, coating, and repair applications.  Figure 5 provides an overview of the AFS 

process.
9
   

 

 
 

Figure 5 – Schematic illustration of the Additive Friction Stir (AFS) solid-state additive 

manufacturing process.
9
 

 



AFS also offers advantages to extrusion, as it addresses a number of cost or manufacturing constraints 

present with extrusion. AFS allows: 

 

 Shapes may be produced without a can for the powder (cost saving), 

 Less restriction on size and shape of the final shape geometry (greater flexibility), 

 Less waste compared to extrusion losses from end effects and removal of the can (productivity 

improvement, cost savings, less waste), and 

 Less thermal processing of the base powder, leading to higher mechanical properties and 

superior performance, i.e., material property advantages.  

 
Field Assisted Sintering Technology (FAST) 

 

Field Assisted Sintering Technology (FAST), also called Spark Plasma Sintering (SPS), Plasma Assisted 

Sintering (PAS), etc., is a material processing technique that is characterized by a simultaneous 

application of high density electrical current and pressure to a powder bed in an effort to attain a high 

density product.  This technique uses Joule heating by passing an electric current through the powder and 

the die (typically graphite), as illustrated in Figure 6.  While present processing methods use pulsed or 

continuous DC current, prior work used high frequency AC current to heat the material and remove 

surface oxides.  Heating rates up to 1000
o
C/minute (1800

o
F/minute) have been reported, although more 

typical heating rates are in the 200 to 300
o
C/minute (360 to 540

o
F/minute).  Thus, production times are 

measured in minutes vs. the hours or days associated with conventional press and sinter processes.  The 

FAST process can achieve high densification rates with minimal grain growth.  The finished parts are of 

typically limited to simple geometries, e.g. discs, which can be contained in the compression die.
10, 11  

 

 
Figure 6 – Schematic illustration of the FAST process.

11
 

 

 

The materials successfully consolidated by this method range from pure metals, such as, aluminum, iron, 

nickel, titanium and tungsten to carbides, borides, nitrides and oxides, including Fe3C, WC, AlN, TiN, 

TiO2, MgO and Al2O3.
12

  Several studies on aluminum have focused on transitions in the oxide films 



present on the powder particles, along with the effects of retained impurities within sintered materials.
13-17

  

A significant amount of work has also involved more complex aluminum alloys, including alloys of the 

2000,
18, 19

 5000 
20

 and 7000
21-23 

series.  Most investigations have found that higher sintering temperatures 

allow for enhanced breakdown of the oxide shell, which increases the frequency of metal/metal bonding 

between particles.
15

 It has also been found that the temperature at which pressure is applied can have a 

great impact on the final properties.
15, 24-26

   

 

Cold Spray Consolidation (CSC) 

 

The cold spray consolidation process has been described as a powder deposition method that is capable of 

producing fully dense coatings and bulk materials through the use of accelerated particles that are 

deformed during high velocity impact onto a substrate.  The typical cold spray deposition process 

involves accelerating metal particles into the surface layer of a substrate at high speeds.
27

  The technique 

finds application in the repair of components that have been damaged, e.g. mechanical damage or 

corrosion attack.  The common repair process involves spraying aluminum (Al) onto these components; 

as the Al not only allows for dimensional restoration but adds additional corrosion protection.  Recent 

developments in cold spray consolidation of Al alloys have also demonstrated properties sufficient for 

structural repairs beyond dimensional restoration
28

.   

 

Depositing metal powders onto substrates to form bulk materials using cold spray technology has several 

advantages over other methodologies.
28

  The melting temperature of the material is not reached during 

CSC, which essentially cold works the solid state particles increasing the hardness.
29

  Figure 7 shows a 

simplified process diagram.  As these particles impact the substrate surface, both the particle and the 

surface are deformed plastically, thereby allowing the particle to adhere mechanically to the surface.  The 

converging-diverging nozzle has been designed to provide supersonic speeds from the expanding heated 

gas as it leaves the nozzle, which is a necessary input for the particles to develop satisfactory deposition.
30

 

 

 
 

 

Figure 7 - Schematic of the cold spray consolidation process.
27

 

 

During cold spray, each successive layer of deposited particles impacts the previously deposited layer and 

creates a gradient of characteristics. 

 

  



Inertia Rotary Friction Welding (IRFW) 

 

Joinability can be an important material selection criterion.  Our preliminary tests have shown that typical 

fusion-type joining processes, like welding and brazing, do not provide satisfactory options to join AL-

TM.  More specifically, the melting associated with those processes degrades the alloy’s properties. 

 
Inertia Rotary Friction Welding is a variation of friction welding in which the energy required to make the 

weld is supplied primarily by the stored rotational kinetic energy of the welding machine.  In IRFW, one 

of the workpieces is connected to a flywheel, while the other workpiece is restrained from rotating.  The 

flywheel is accelerated to a target rotational speed, which stores the required energy.  The drive system is 

disengaged and the workpieces are forced together by a prescribed friction welding force, which causes 

the surfaces to rub together under pressure.  The stored kinetic energy is dissipated as heat through 

friction at the weld interface.  An increase in the applied friction welding force may be applied before the 

rotation of the system stops.  The forge force is maintained for a predetermined time after rotation ceases.  

The relationships between the IRFW process parameters are illustrated schematically in Figure 8. 

 
   Figure 8 – Schematic illustration of the IRFW process.

31
 

 

Some of the advantages of the IRFW process include: 

 Narrower heat affected zones, 

 Shorter welding times, 

 Helical flow lines and hot working at the end of the welding cycle can aid joint strength, 

 Only two key variables – energy (RPM) and pressure, 

 Pre-calculated parameters for most materials and geometry, so the process is mathematically 

scalable, 

 Weld torque is measured indirectly by measuring the rate of spindle speed change, and 

 IFW meets Military Standard 1252 and proprietary welding specifications.  

 
EXPERIMENTAL 

 

Additive Friction Stir (AFS) 

 

Substrate plates were machined to 8.26 cm W x 2.54 cm H x 30.48 cm L (3.25 inches W x 1 inch H x 12 

inches L) from extruded AL-TM alloy.  For this phase of the work, AL-TM powder with a particle size 



distribution in the -400/+100 µm range was selected.  As illustrated in Figure 9, a 2.54 cm (1 inch) high 

deposit with a nominal width of 3.49 cm (1.375 inches) was built-up via a multiple layer AFS deposition 

process by AEROPROBE Corporation. 
 

 
 

Figure 9 – Example of the AL-TM deposit using AFS 
 

Field Assisted Sintering Technology (FAST) 

 

A cylindrical test plate was fabricated from -100 µm AL-TM powder using the FAST process at the 

Applied Research Laboratory at Penn State University.  The nominal dimensions were 76.2 mm OD (3 

inches) by 3.18 mm (0.125 inches) thick.  The powder was processed using a temperature of 550
o
C 

(1022
o
F), an applied pressure of 45 MPa (3.26 tsi), and a dwell time of 5 minutes.  Figure 10 provides an 

example of a section from the compacted cylinder with density greater than 99% of full density (ρth). 

 

 
 

Figure 10 – Example of a section of the AL-TM cylinder processed by FAST. 

 

Cold Spray Consolidation (CSC) 

 

For this phase of the work, -100 µm AL-TM powder was selected.  Cold spray consolidation models 

based on the work of Assadi et. al.
30

 have been used at ARL to predict candidate deposition parameters to 

maximize mass transfer efficiency.  Initial trials were sprayed using a CGT 4000 cold spray system.  

Using predicted parameters, as well as, across equipment temperature and pressure capabilities, initial 

trials were unsuccessful.  However, sieving the powder to -44/+20 µm (-325/+625 Mesh) enabled 



consolidation and further characterization.  These preliminary trials showed some promise for further 

consolidation with increased efficiency through powder size selection and optimized spray parameters.    

 

 

Inertia Rotary Friction Welding (IRFW) 

 

Simple cylinders were machined to a nominal 40.6 mm (1.6 inches) diameter by 76.2 mm (3.0 inches) 

high from extrusions made from the AL-TM powder to provide test specimens for IRFW jointing tests at 

Manufacturing Technology, Inc.  One test piece had a flat surface at the weld interface.  The other test 

piece had the top surface sloped with a 5-degree crown on the surface.  The IRFW process parameters in 

Table 2 were selected so as to reduce the input energy and control the melting at the interface. 

 

Table 2 – Summary of the IRFW test parameters 
 

Weld # 
Inertial Mass 

(kg-m
2
) 

Welding 

Speed (rpm) 

Thrust Pressure 

Setting (MPa) 
Upset (mm) 

1 4.25 1,715 18.5 40.6 

2 1.14 3,316 18.5 ~ 40.6 

3 0.45 5,291 18.5 15.0 

4 0.45 5,291 11.7 1.5 

 

As illustrated in Figure 11, the combination of IRFW parameters for weld #4 produced a reasonable joint 

between the two test pieces, and there was not a significant amount of upset during the joining process.  

The other three weld tests produced significantly more upset and cracking was observed in the upset area.   

 

 
Figure 11 – Example of the AL-TM alloy joined by IRFW. 

 
  



RESULTS AND DISCUSSION 

 

Additive Friction Stir (AFS) 

 

Beginning at the left edge of the substrate plate shown in Figure 9, a cross-sectional sample was taken 

about 3.8 cm (1.5 inches) from that edge to provide samples for microstructural examination of the 

interface at the substrate plate and the microstructure of the deposited material.  During visual inspection, 

one noted evidence of the material flow/deformation associated with the deposition process.  The AFS 

process produced a fully dense microstructure, and there was good bonding with the substrate plate.  In 

the optical microscope, the deposit’s microstructure was very similar to that of the hot extruded powder, 

i.e. an aluminum matrix and the network of fine particles.  An example of the etched microstructure 

(Keller’s Reagent) has been provided in Figure 12, and there were examples of nonmetallic and 

aluminum-rich inclusions, similar to those noted in the hot extruded AL-TM alloy.   

 

 
 
Figure 12 – Example of the aluminum matrix and network of fine particles, along with nonmetallic 

(elongated black area) and aluminum-rich (elongated white area) inclusions, in the microstructure 

of the AL-TM deposit produced by AFS (200X, Keller’s Reagent) 
 

Mechanical property test samples were taken from the AL-TM deposit in an orientation parallel to the 

travel of the AFS equipment and included material about 7.6 mm (0.3 inches) below the top surface of the 

overlay, i.e. near the center of the overlay.  As shown in Table 3, the tension test and hardness results for 

the AFS deposited AL-TM powder were similar to the reference values found in the extruded alloy.  The 

resonant frequency test method (GrindOSonic) showed that the Young’s modulus of the AFS deposit was 

higher than the values measured for the extruded alloy.  The fractured tensile bars showed evidence of 

ductile fracture, and the fracture path did not follow a specific phase or feature in the microstructure. 

 

Table 3 - Comparison of the key mechanical properties of the AFS deposited AL-TM powder and 

the hot extruded powder 
 

Property AL-TM AFS Deposit AL-TM Extrusion  

UTS @ 25
o
C (MPa) 500 - 505 460 - 510 

Yield Strength (MPa) 415 - 425 375 - 405 

Elongation (%) 4.5 – 6.5 4.5 – 9.0 

Reduction of Area (%) 3.0 – 4.0 2.0 – 7.5 

Hardness (HRB) 82 - 85 75 - 80 

Young’s Modulus (GPa) 103 96 



 
As illustrated in Figure 4, the most substantive changes in the hardness took place after the aging test 

temperature was above 500
o
C.  Sections of the AFS deposit were cut to 6.35 mm (0.25 inch) thickness 

and they were used to evaluate the aging properties.  The test pieces were placed in a preheated furnace 

for a total of 100 hours at temperature.  After cooling, the sections were ground to a 600 grit SiC finish to 

provide hardness test specimens.  Multiple hardness measurements were made and the average hardness 

values and the percentage change relative to the as-processed (starting) condition have been reported 

below in Table 4. 

 

Table 4 - Comparison of the change in hardness after aging for 100 hours at a set temperature 
 

Specimen 

Description 

AFS Deposit 

HRB (%Δ) 

Extruded AL-TM 

HRB (%Δ) 

As-processed 85 (0% ) 78 (0%) 

Aged 200
o
C/100Hr 87 (+2.4%) 76 (-2.6%) 

Aged 300
o
C/100Hr 86 (+1.2%) 75 (-3.8%) 

Aged 500
o
C/100Hr 81 (-4.7%) 68 (-12.8%) 

Aged 550
o
C/100Hr 79 (-7.1%) 58 (-25.6%) 

 

The results showed that the AFS deposit had less of a decrease in the hardness during the aging test cycle.  

Further investigation of this observation included the use electron microscopy to contrast the 

microstructures of AFS deposit and hot extruded AL-TM after aging at 550
o
C.  Figure 13 illustrates the 

greater amount of coarsening and microstructural changes in the extruded material relative to the AFS 

processed powder.  

 

        
 

AFS      Extruded 

Figure 13 – SEM images of the microstructures of the AFS and extruded AL-TM alloy after aging 

at 550
o
C for 100 hours 

 

Field Assisted Sintering Technology (FAST) 

 

The section of the cylindrical test plate fabricated from the AL-TM powder using the FAST process was 

examined by metallographic analysis, SEM/EDS analysis, and thermal aging tests.  After etching using 

Keller’s etchant, examples of the microstructural features have been documented in Figure 14.  Compared 

to the microstructure in Figure 2, one can readily see that the FAST process produced nearly full density 

(> 99% ρth).  As highlighted in the SEM image in Figure 14, the FAST processed alloy’s microstructure 

appeared to have two distinct attributes.  One constituent was a combination of a light gray network of 

interconnected particulates in a matrix (dark gray phase).  The size of the light gray particulates was in 

agreement with the PSD of the AL-TM powder.  EDS analysis showed that the surface chemical 



composition of those particulates was similar to the composition expected for the AL-TM material.  The 

other microstructural constituent (upper right and bottom left sections of the photomicrograph) appeared 

as colonies of a dark gray phase with fine, white particulates.  Surface chemical analysis of these areas 

showed a reduction (~ -20%) in the concentrations of the key alloying elements in the AL-TM alloy.  The 

changes in structure and composition suggest that these areas could be the result of a phase transformation 

in the microstructure.    

 

         
  Optical      SEM 
 
Figure 14 – Examples of the AL-TM microstructure produced by the FAST process (500X, etched – 

Keller’s Etchant) and SEM image (1,000X)  

 
As shown in Table 5, hardness measurements were taken on the as-received FAST sample, and the 

average hardness was 70 HRB.  This hardness range has been seen in AL-TM extrusions that were 

overaged during the preheating phase of the extrusion process.  In such cases, the UTS was reduced to 

around 420 MPa.  While this value would be about 20% below the typical values for properly extruded 

AL-TM, it was substantially better than the 15 MPa value measured in the pressed and sintered material. 

 

Table 5 - Hardness data summary and the results of aging the FAST processed AL-TM alloy for 

100 hours at a set temperature  
 

AL-TM Processing Method: Hardness Range 

Press and Sinter 90 - 93 HRF 

Hot Extrusion  75 – 80 HRB 

FAST - As-received 67 – 73 HRB 

FAST – Aged 100 hours at 300
o
C 65 – 69 HRB 

FAST – Aged 100 hours at 500
o
C 58 – 62 HRB 

FAST – Aged 100 hours at 550
o
C 52 – 56 HRB 

 

Sections of the FAST sample were placed in a preheated furnace for a total of 100 hours at a set 

temperature to conduct the aging studies.  After cooling, the sections were ground to a 600 grit SiC finish 

to provide hardness test specimens.  Multiple hardness measurements were made and the range of 

hardness values has been included in Table 5.  As previously noted, the most significant percentage 

change relative to the starting condition was found in the test pieces aged at 500
o
C (- 14.3%) and 550

o
C  

(- 22.8%). 

 

  



Cold Spray Consolidation (CSC) 

 
Cross sections of successfully consolidated deposits were mounted and polished for microstructural 

evaluation.  Parameter settings and deposit results are listed in Table 6.  Phase contrast analysis showed 

largely dense deposits with all porosities less than 1.25%. The deposit with the lowest degree of porosity 

(Sample 5) is shown in Figure 15.  The black top layer is the metallographic mount, the gray layer in the 

middle is the AL-TM deposit with porosity shown as black areas, and the light gray bottom layer is the 

aluminum substrate.  Due to the limited thickness of the CSC deposit, hardness tests were performed 

using a Vicker’s hardness indenter with a 50 g load and a 20 second dwell.  Converted hardness values 

would be above 90 HRB, and those values are significantly higher than those of samples consolidated 

using other technologies.  This data indicates a large degree of work hardening in the deposited material, 

which is in agreement with the broader Cold Spray literature.  While further study is needed to determine 

optimum feedstock sizing for compatibility with cold spray consolidation, preliminary results indicate 

that dense, high hardness deposits are achievable and may warrant further study. 

 
Figure 15 – Bright Field Optical Micrograph of Cold Spray Consolidated AL-TM at 347X 

magnification.  (The black top layer:  metallographic mount, the gray layer in the middle:  AL-TM 

deposit with porosity shown as black areas, the light gray bottom layer:  aluminum substrate.) 

 
Table 6 – Summary of Cold Spray Deposits of AL-TM Coatings Deposited via Cold Spray 

 

Sample 

Number 

Spray 

Pressure 

(MPa) 

Spray 

Temperature 

(
o
C) 

Deposition 

Thickness (mm)  

(10 passes) 

 

 

% Porosity 

Average Vicker’s 

Hardness (200 g load, 

20 second dwell) 

1 1.5 (15 bar) 300 0.33  (0.013”) 0.68 190 

2 1.5 (15 bar) 400 0.25  (0.010”) 1.22 207 

3 2.0 (20 bar) 400 0.25  (0.010”) 0.75 219 

4 2.5 (25 bar) 400 0.25  (0.010”) 0.41 221 

5 3.0 (30 bar) 400 0.13  (0.005”) 0.14 246 

 

Inertia Rotary Friction Welding (IRFW) 

 

Sections were taken from all four weld tests for microstructural analysis.  The appearance of the fusion 

line ranged from very thin, almost forging-like (Welds 1 and 2) to a larger fusion line with evidence of a 



transformation phase from melting in the joint area (Weld 4), as shown in Figure 16.  In comparison with 

Weld 4, Weld 3 had a smaller fusion line, and there was less evidence of the transformation phase from 

melting in the joint area.   

   
  Weld #1      Weld #4 

Figure 16 – Comparison of the appearance of the fusion lines in Weld #1 (500X) and Weld #4 (50X) 

 
Tension test samples were taken from the weld joints 3 and 4 so that the weld joint was near the middle of 

the test bar.  The mechanical properties have been summarized in Table 7, along with the properties of the 

AL-TM extrusion base metal (the extrusion used to fabricate the IRFW samples was from a project to 

examine the impact of over-aging the feed billet, so the tensile strength is lower than typical for the AL-

TM alloy). 

 
Table 7 - Comparison of the tension test results for the IRFW welds and the base metal 

 

 

The UTS of the joint from Weld 3 was similar to that of the extruded rod.  The yield strength was found 

to be about 22% (65 MPa) lower than the average YS of the base metal.  Weld 3 showed some 

measurable ductility.  Weld 3 had only minor evidence of the transformation phase from melting in the 

joint area.  Alternatively, the UTS of the Weld 4 was about 100 MPa (~ 30%) lower than the extruded 

rod.  The yield strength was found to be about 50 MPa lower than the average YS of the base metal.  This 

tension test showed minimal ductility.  These results correlate with the microstructural observations in 

Weld 4 - a larger fusion line and there was more evidence of the transformation phase.  

 

Micro-indentation hardness measurements were made in the fusion line areas of the four weld specimens.  

Sections of each joint were taken, polished and etched to highlight the fusion zones of each specimen. 

The results have been summarized in the table below. 

 

  

 

Property 

AL-TM Base Metal 

(Overaged Extrusion Sample)  

 

IRFW Weld 3 

 

IRFW Weld 4 

UTS @ 25
o
C (MPa) 400 - 435 415 300 

Yield Strength (MPa) 290 - 315 235 250 

Elongation (%) 5.0 – 9.0 3.2 2.0 

Reduction of Area (%) 4.5 - 7.0 3.0 1.0 



Table 8 – Summary of micro-indentation hardness measurements along the fusion zones of the four 

weld samples and the base metal 
 

Sample ID Micro-indentation Hardness (HV, 25gf, 20 sec.) 

Weld #1 – Fusion Zone 115 - 130 

Weld #2 – Fusion Zone 105 - 120 

Weld #3 – Fusion Zone 90 - 110 

Weld #4 – Fusion Zone 80 - 95 

Base Metal 105 - 130 

 

While the micro-indentation hardness measurements can be influenced by microstructural variation, the 

results confirm the findings of the tension test results, which showed the mechanical strength of Weld #4 

was below that of the base metal.  Additionally, the test results correlate with the UTS of Weld #3, which 

was similar to the range for the base metal.  Micro-indentation hardness measurements showed that Welds 

1 and 2 had the best match for the hardness of the base metal.   

 

As illustrated in Figure 17, there was evidence of brittle fracture in the tension test specimen taken from 

Weld 4.  The fracture path followed the transformation phase in the microstructure.  In contrast to Weld 4, 

mixed fracture modes were observed in the broken tension test bar from Weld 3.     

 
 

    
 
  Weld #4      Weld #3 
 

Figure 17 – Examples of the fracture surfaces in the tension test samples taken from Weld 4 and 

from Weld 3 (32X). 

 

Metallographic analysis, scanning electron microscopy (SEM) and energy dispersive X-ray analysis 

(EDS) were used to examine the fracture surface from Weld 3 in more detail.  The right hand section of 

the fracture surface showed evidence of ductile fracture in tension; while the balance of the fracture 

surface was dominated by a mixed mode shear fracture.  The shear fracture zone showed a combination of 

ductile fracture (dark areas) and quasi-brittle fracture (the more reflective regions).  Examples of these 

fracture surfaces have been documented in Figure 18.  In the mixed mode shear fracture areas, surface 

chemical analysis of the ductile fracture zones showed that the concentrations of the key alloying 

elements in AL-TM were found at the expected levels; while some of the flat transition zones and the 

quasi-brittle fracture zones showed reduced concentrations of the key alloying elements.  There was no 

evidence of any transformation phase or preferential fracture path in the ductile fracture areas.  The areas 



of quasi-brittle fracture showed some evidence of the transformation phase and preferential crack 

propagation in those areas.                

 

    
 

 Ductile Fracture Zone     Shear Fracture Zone 
 
Figure 18 – SEM photomicrographs of the fracture surfaces in the Weld 3 tension test sample 

 

CONCLUSIONS 

 

The traditional press and sinter practices for the processing of aluminum powders did not provide 

an acceptable means to produce PM structural parts from the AL-TM powder.   

 

Hot extrusion of the powder produced a material with properties that meet or exceed those of key 

wrought aluminum alloys.  The AL-TM alloys develop maximum mechanical properties without 

heat treatment.  However, part complexity, manufacturing costs and process limitations exist in the 

hot extrusion process. 

 

AFS combines several steps involved in powder consolidation in powder metallurgy to produce a 

viable solid-state additive manufacturing process from powder. 

 

AFS processing of the AL-TM powder produced a high quality, fully dense microstructure.  The 

microstructure was composed of an aluminum matrix with fine precipitates, which was similar to 

the microstructure of extruded AL-TM alloy. 

 

The mechanical properties of the AFS processed AL-TM powder were similar to the properties of 

the extruded alloy.  The AFS deposit had a higher Young’s modulus value than the extruded alloy.  

The elevated temperature aging test showed the AFS deposit to have better stability, as measured 

by the hardness test. 

 

The FAST process consolidated the AL-TM powder to near full density (> 99% ρth).  The 

microstructure and hardness range of the FAST sample was similar to the AL-TM extrusions that 

were overaged during the preheating phase of the extrusion process.  In such cases, the UTS was 

typically around 420 MPa.  While this value would be about 20% below the typical values for 

properly extruded AL-TM, it was substantially better than the 15 MPa UTS value measured in the 

pressed and sintered AL-TM material.   

 



Elevated temperature aging tests on the FAST sample showed the decrease in hardness correlated 

with prior studies, which found that the most significant loss in hardness relative to the starting 

condition was found in the test pieces aged at 500
o
C and 550

o
C. 

 

Cold Spray Consolidation (CSC) of the AL-TM powder has shown that the powder could be 

consolidated into a fully dense coating with indications of promising mechanical properties. 

 

Inertia Rotary Friction Welding has shown that sections of the AL-TM alloy can be joined.  In 

terms of the appearance of the joint upset area, the combination of high velocity and reduced load 

produced the best results.  However, the mechanical strength of that joint was only about 70% of 

the strength of the base metal.  Alternatively, the combination of lower velocity and higher load 

produced the least amount of melting during the joining process and resulted in better mechanical 

strength. 

 

Further work on the AFS, FAST, CSC and IRFW processes should provide for optimization of 

those processes and the properties developed in the AL-TM alloys.   
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