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40.0 EVALUATION OF PROCESSING PATH EFFECTS ON MICROSTRUCTURE AND 

PROPERTIES OF A POWDER-BASED AL-TM ALLOY. 

Stuart Shirley (Mines) 

Faculty: Kester Clarke (Mines)  

 Industrial Mentor: Rob Mayer (Queen City Forge) 

 

This project initiated in Fall 2019. The research performed during this project will serve as the basis for a Master’s 

thesis program for Stuart Shirley. 

40.1 Project Overview and Industrial Relevance 

As the aerospace and automotive industries continue to push the boundaries of fuel efficiency, the demand for 

lightweight, high-performance materials increases. Titanium and aluminum alloys are the primary metals used to 

meet the requirements of critical lightweight applications. In the commercial sector, the Boeing 747 is 68% 

aluminum and 4% titanium by weight; while fighter jets are 50% aluminum and 13% titanium by weight [40.1]. 

Clearly, titanium is utilized more broadly in critical applications where material cost can be justified. Over the 

operating lifetime of a fighter jet, material cost is approximately 2%, whereas 50% of the total lifetime jet cost is 

from operational costs, which are primarily from fuel usage [40.1]. To reduce operational cost, switching titanium 

parts to less dense aluminum will reduce the mass of the plane and increase fuel efficiency. Savings in fuel due to 

lightweight materials has become a critical factor in the automotive market as well in order to reduce CO2 emissions 

[40.2]. 

 

Although titanium meets structural requirements at high temperatures, it is more costly and dense than aluminum 

[40.1]. Many current aluminum alloys begin to lose mechanical properties above 100 °C [40.1], and thus 

development of high temperature aluminum alloys is necessary when considering replacement of titanium with 

aluminum components. To this end, aluminum alloys with transition metal alloying elements (Al-TM) have been 

developed to retain high temperature mechanical properties [40.3].  Previous literature focused on the retention of 

ultimate tensile strength (UTS) in Al-TM alloys at elevated temperatures, up to ~350°C [40.4], is due to precipitate 

strengthening effects of the icosahedral phase found in this alloy.  

 

Powder aluminum alloys are produced through gas atomization and subsequent consolidation. Gas atomization is a 

rapid solidification (RS) process that allows for great flexibility in composition and range of powder size of 

approximately 10-1000 m [40.5,40.6]. Al-TM alloys produced through RS achieve a fine grain size of 4-5 µm 

[40.7] with further refinement achieved in consolidation [40.7,40.8] and extended solid solubility beyond the 

equilibrium value [40.9]. The decomposition of these supersaturated solid solutions increases the fraction of second 

phase particles formed during heat treatment [40.9], increasing the Orowan strengthening contribution. These fine 

second phase particles formed during RS are typically metastable [40.9] and transform to more stable equilibrium 

phases in the 400-500°C temperature range [40.9–40.11]. Additionally, the limited solubility of these phases at 

elevated temperature prevents coarsening. Thus, consolidation of these powders to a bulk form must be conducted 

via a solid-state process at relatively low temperatures or short times to retain second phase particles. Previous 

research on aluminum alloys with transition metals has been conducted primarily on melt-spun ribbons 

[40.11,40.12] and RS powders consolidated through extrusion [40.13]. This work seeks to further investigate Al-TM 

alloy microstructures produced by RS powder consolidated through extrusion and a solid-state friction-based 

processes. 

 

Solid state processing paths for powder consolidation of interest include canned extrusion and friction stir extrusion. 

Canned extrusion requires multiple steps to achieve a consolidated bar from powder. Powder is first compacted into 

a can to increase density prior to extrusion and then sealed under vacuum to isolate the powder from the atmosphere 

[40.14]. Next, the canned powder is extruded through the die, with the can “jacketing” the extruded shape, from 

which the can is then removed [40.14]. The second process, friction stir extrusion, is related to shear assisted 

processing and extrusion (ShAPE): a solid-state method of powder consolidation. In this process, a rotating die is 

forced into a container of powder and the material back-extrudes through the center of the rotating die face [40.15]. 

Friction extrusion offers several advantages, including reduced processing time from powder to rod and improved 
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mechanical processing relative to traditional extrusion routes [40.7]. Additional thermomechanical processing via 

Gleeble compression testing will be conducted as part of this project to develop understanding of forging effects 

on material produced by each of these processing pathways. 

40.2 Previous Work  

In the previous reporting period, DSC tests were conducted to determine the onset temperature of the exothermic 

peak associated with the transformation of the icosahedral phase [40.16]. An onset temperature of 520°C was 

observed, see Figure 40.1, in agreement with multiple sources citing a ~500°C exothermic peak as the 

transformation of the icosahedral phase [40.17].  To further corroborate these results, powder samples were quartz 

encapsulated under vacuum and heat treated at 460°C and 550°C for 30 minutes prior to X-ray diffraction (XRD). 

XRD has confirmed the transformation of the icosahedral phase to stable intermetallic phases following exposure to 

550°C Figure 40.2. 

 

An additional lower temperature exothermic peak at ~415°C, correlated to the formation of intermetallic 

precipitates, is reported for similar alloys [40.17]. In this study, DSC tests were unable to definitively detect the 

lower transformation around 415°C.  However, XRD of powders following heating to 460°C begin transformation 

of the icosahedral phase to stable intermetallic phases, as observed in Figure 40.2. 460°C was used as an 

intermediate test temperature as the DSC peak reported by previous authors was a shallow and broad peak occurring 

over a wide temperature range and completed reaction around 460°C. 

 

Previous work investigated thermal stability of an industrial 25:1 extrusion of Al-TM alloy via hardness testing 

following 100 hr holds at elevated temperatures. The study found an average room temperature hardness of 119 ± 

1.7 µHV200, and hardness decreased by 7 µHV200 when comparing as-produced material to samples held at 500°C 

[40.16] with further details in the previous report. After conducting thermal stability tests on similar alloy produced 

as melt spun ribbon, L. Sahoo and F. Audebert report a higher initial hardness and a drop in hardness of 150-200 

µHV [40.11,40.18] when comparing as produced material to samples held at 500°C as shown in Figure 40.3 with a 

decrease in hardness closely associated with the transformation of the icosahedral phase. XRD of the 25:1 extrusion 

revealed that the icosahedral phase had transformed to stable intermetallic phases during extrusion. The 

transformation of the icosahedral phase is likely responsible for the lower room temperature hardness, however the 

alloy maintained very consistent hardness up to 550°C after 100 hr. 

40.3 Recent Progress  

40.3.1 Powder Size Dependence of Icosahedral Phase 

Previous work on alloys containing the icosahedral phase has shown a correlation between a reduction in powder 

size and an increase in the quantity of icosahedral phase [40.17]. The majority of literature has focused on powder 

sizes below 100 µm with higher concentration of the icosahedral phase [40.17- 40.20]. 

 

Utilizing DSC and XRD techniques outlined in the previous report [40.16], two distributions of powder size were 

investigated for the presence of the icosahedral phase. The fine powder size sample 136 has a D90 = 91µm and 

sample F01, containing larger powder particles, ranges from D10 = 112 µm to D90 = 215 µm.  

 

A two-stage DSC test heating above the transformation temperature of the icosahedral phase is depicted in Figure 

40.4. The transformation of the icosahedral phase is an irreversible exothermic reaction, in the first heating cycle of 

sample 136, plotted as a solid red line, an observable exothermic reaction occurs with an onset of ~520°C which is 

in good agreement with literature [40.17,40.21]. The second heating cycle of the same powder sample, plotted as the 

red dashed line, serves as a baseline to show that the reaction has completed and is irreversible. In complete contrast, 

the larger powder sample F01 displays little deviation between the two tests and no sign of an exothermic reaction. 

As expected these larger powder sizes do not contain a significant quantity of the icosahedral phase, with further 

confirmation via XRD. 
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Following the procedure outlined in Section 40.2, sample 136 and F01were heat treated at 460°C and 550°C. 

Resulting XRD scans in Figure 40.2 depict the transformation of the icosahedral phase in sample 136 as outlined in 

previous reporting. Meanwhile the larger powder size sample F01 does not index icosahedral phase in the as 

atomized powder, see Figure 40.5, with no phase transformations occurring on heating of the powder corroborating 

the results from DSC. While it is difficult to prove the complete absence of the icosahedral phase within the tested 

powder of sample F01, if there is a quantity present it is of insufficient amount to be detected. 

40.3.2 Production of Al-TM Extrusions 

550-ton direct extrusions press at Michigan Technological University (MTU) consolidated Al-TM alloy over a range 

of extrusion temperatures and die ratios given in Table 40.1.  In each extrusion condition, powder was loaded into 

an aluminum can to the packing density of the powder. The can was then attached to a vacuum pump and preheated 

in a fluidized bed to drive off moisture and achieve the target extrusion temperature. During the extrusion, the exit 

temperature was measured with a contact thermocouple and an IR pyrometer as shown in Table 40.1.  Each 

extrusion condition resulted in consolidated and sound extrusions. Light optical and SEM investigation of 

representative samples from the center of each extrusion did not find porosity exceeding 100 µm, significantly 

smaller than the ASTM B211-20 class B indication. Samples for all further testing were sectioned away from the 

start and end of the extrusion to avoid unconsolidated material or intrusion of the 6061 can as shown in Figure 40.6. 

40.3.3 Thermal Stability Testing 

In continuation of the thermal stability testing from the previous reporting period, samples from the extrusions 

produced at MTU underwent 100 hr holds at temperatures of interest prior to hardness testing at room temperature 

Figure 40.7. The results are similar to previous work with an average room temperature hardness of 115 µHV200 and 

an average hardness decrease of 10 µHV200 when comparing as-produced material to samples held at 500°C. These 

results follow the expected trend, as the initial powder did not contain the icosahedral phase. Minor changes are 

evident in the microstructure of the extrusion following 100 hr at 550°C. In Figure 40.8a, oriented along the 

extrusion direction are regions of large intermetallic phases alternating with colonies of smaller phases in the as 

extruded condition. The disparity in intermetallic size is likely due to initial powder size with finer powder particles 

containing smaller intermetallic particles. Figure 40.8b shows a similar distribution of intermetallic particles 

following 100 hr hold at 500°C with minor coarsening.  

 

8009 is another aluminum powder alloy designed for high temperature application and consolidated via extrusion. 

Sections of 8009 extrusion were subjected to the same testing discussed above, with hardness results also shown in 

Figure 40.7. The as extruded hardness test has not been completed due to equipment outages. The primary alloying 

additions to 8009 are iron, silicon, and vanadium, which form precipitates in the aluminum matrix upon the rapid 

solidification of the powder [40.22]. In Figure 40.9a, the as extruded condition shows a fine secondary phase 

dispersed in an aluminum matrix. Following the 550°C hold, these secondary phases coarsen significantly with large 

(20-30 µm) iron silicon leaf shaped intermetallic precipitates forming throughout the matrix, see Figure 40.9b, with 

this coarsening primarily responsible for the decrease in hardness.  

40.4 Plans for Next Reporting Period 

Plans for the next reporting period are outlined below.  

 Thermomechanical testing: Gleeble® compression strain rate testing of extrusions 

 EBSD grain size evaluation of extrusion microstructure from thermal stability tests 
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40.7 Figures and Tables 

 

 

 
Figure 40.1: DSC of Al-TM powder test at a 30K/min heating rate from 200°C to 600°C, showing the onset of an 

exothermic peak at 520°C. The blue curve depicts cooling of the sample.  
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Figure 40.2: X-Ray diffraction 2θ range of 35 to 50° scans show in ascending order; Al-TM powder in the as-

produced state (bottom, blue), Al-TM powder following 460°C hold with onset transformation to stable intermetallic 

phases (middle, red), and Al-TM powder following 550°C hold with complete transformation of the icosahedral 

phase to stable intermetallic phases (top, black).  
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Figure 40.3: Al-TM Vickers hardness as a function of temperature. Average of 20 indents parallel to the extrusion 

direction after a 1 hr and 100 hr hold at temperature, all indents conducted at room temperature and denoted with 

square markers. Diamond markers are as-received hardness of Al-TM alloy consolidated through friction stir 

extrusion (FSE).  Hardness of Al-TM alloy of interest denoted with round markers come from other studies on the 

alloy listed by first author [40.11,40.17–40.19,40.23].  

 
Figure 40.4: DSC of sample 136 (red) and F01 (blue), with a strong exothermic peak in the first run of sample 136 

associated with the transformation of the icosahedral phase. 
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Figure 40.5: XRD 2θ range of 35 to 50°, XRD of the larger powder sample with no icosahedral phase present in the 

powder and maintaining secondary phases upon heating. 

 

 
Figure 40.6: a) Representative extrusion, material between red lines used for testing. b) Cross section of extrusion 

near the end showing intrusion of 6061 can. c) Backscatter electron micrograph showing compositional contrast 

between 6061 (darker) and Al-TM (lighter) due to the higher content of Fe, Cr, and Ti in Al-TM leading to greater 

scatter of electrons back to the detector. Composition differences were confirmed with EDS line scans. d) Macro 

image of extrusion start where 6061 can failed at the start of extrusion, test specimens were extracted away from this 

region to avoid unconsolidated material.  
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Figure 40.7: Al-TM extrusions listed by extrusion temperature and Vickers hardness as a function of hold 

temperature. Average of 20 indents parallel to the extrusion direction after 100 hr hold at temperature, all indents 

conducted at room temperature and denoted with round markers. 8009 shown in diamond, with higher hardness at 

350°C, with hardness decreasing at 550°C due to coarsening of precipitates shown in Figure 40.9.  

 

 
Figure 40.8: Al-TM 450°C extrusion condition with arrow indicating extrusion direction. a) SEM micrograph of as-

extruded condition b) SEM micrograph of sample after 100 hours at 550°C hold showing minor coarsening of 

secondary phases. 
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Figure 40.9: 8009 extrusion with arrow indicating extrusion direction. a) SEM micrograph of as extruded condition, 

the dark region parallel to the extrusion direction are regions of aluminum as determined by EDS b) SEM 

microgrpaph of sample after 100 hours at 550°C hold showing coarsening of secondary phases and precipitation of 

large leaf shaped FeSi dispersoids. 

 
Table 40.1: Extrusion temperature and corresponding extrusion ratio with resulting exit temperatures of the 

extrudate. *Difficulties loading can into extrusion chamber, external thermocouple dropped 50°C before loading. 

Extrusion Temperature 

(°C) 

Extrusion 

Ratio 

Temperature 

Contact 

Thermocouple 

(°C) 

Exit 

Temperature 

IR(°C) 

350 10:1 360 118 

400 16:1 390* 420* 

425 16:1 410 440 

450 16:1 410* 440* 

 

 

 
 


