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Abstract 

Rapid solidification by melt-spinning produces aluminum alloys with extremely refined 

microstructures but also introduces strong structural gradients across the ribbon thickness. In this 

work, the microstructural evolution of a rapidly solidified Al-Cu-Li-Mg-Sc-Zr alloy was investigated 

during model homogenization using in-situ STEM heating experiments and correlated with bulk 

electrical-resistivity measurements. The as-cast ribbons exhibit two distinct solidification zones: a 

near-contact region consisting of columnar cells containing fine Cu-rich spherical precipitates, and a 

central region composed of larger eutectic cells enriched in Al₂Cu and Al₇Cu₂Fe phases. Stepwise in-

situ annealing between 200 °C and 550 °C reveals a sequence of transformations, including matrix 

depletion due to precipitation of strengthening phases, coarsening and dissolution of primary phases, 

and the formation of Al₃(Sc,Zr) dispersoids. Above 500 °C, rapid dissolution of primary phases 

followed by their coagulation into a limited number of stable grain-boundary particles eliminates the 

original two-zone structure and results in a fully homogenized ribbon. Ex-situ annealing confirms 

that the resulting microstructure is uniform across the ribbon thickness and enables consistent 

precipitation strengthening during artificial aging. Microhardness measurements from both ribbon 

surfaces reveal identical peak-aged hardness, validating the effectiveness of the short-time 

homogenization strategy for rapidly solidified Al-Cu-Li-Mg-based alloys. 

Keywords: Al-Cu-Li-Mg-based alloy; melt spinning; in-situ annealing; homogenization; 

microhardness 

 

1. Introduction 

Al-Cu-Li-Mg-Sc-Zr alloys are high-strength, low-density materials widely employed as 

structural components in the aerospace industry [1]. The current generation of Al–Cu–Li alloys uses 

a high Cu/Li ratio to promote the precipitation of the Al₂Cu (θ′) and Al₂CuLi (T₁) strengthening 

phases [2–4]. Both phases form coherent or semi-coherent platelets within the aluminum matrix and 

significantly contribute to the mechanical strength of these alloys. Homogeneous precipitation of the 

T₁ phase is further enhanced by Mg additions [5], while Zr is primarily introduced as a grain refiner 

[6]. 

Conventional alloy preparation relies on ingot casting followed by complex thermomechanical 

treatment to achieve the desired shape and mechanical properties. This processing route requires 

long homogenization times (greater than 12 h) at high temperatures (above 500 °C), which limits the 

use of certain alloying elements such as Sc [7–9]. Sc is a potent strengthening and grain-refining 

addition to aluminum alloys [10], primarily due to the formation of the Al₃Sc phase [11]. However, 

the diffusion coefficient of Sc in aluminum is relatively high compared to that of other grain refiners, 
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such as Zr [6]. Its high diffusivity promotes coarsening of Al₃Sc precipitates, ultimately reducing their 

beneficial effects. Co-alloying with Zr mitigates this issue through the formation of core–shell 

Al₃(Sc,Zr) precipitates, which exhibit significantly lower coarsening rates than binary Al₃Sc particles 

[12]. Nevertheless, even these ternary precipitates have been observed to coarsen beyond their 

coherency limit under homogenization conditions typical for ingot-cast Al–Cu–Li–Mg–Zr-based 

alloys [13]. 

Powder metallurgy represents a promising alternative processing route for Al–Cu–Li-based 

alloys. Recent studies show that materials produced by powder metallurgy can exhibit superior 

mechanical properties compared to those prepared by conventional casting and thermomechanical 

processing [14,15]. Aluminum powders can be generated using various rapid-solidification methods, 

with gas atomization being the most widely used owing to its ability to produce spherical powder 

particles [16]. However, gas atomization also suffers from drawbacks, particularly oxidation of 

droplets during processing, which degrades the properties of consolidated products [17,18]. 

Therefore, materials prepared by alternative rapid solidification methods, including melt-spun 

alloys, are often consolidated through powder-metallurgy techniques. 

Melt spinning produces thin alloy ribbons by ejecting molten metal through a narrow nozzle 

onto a rapidly rotating, water-cooled wheel or roll made from a highly conductive material [19]. The 

intense heat extraction results in solidification rates as high as 10⁷ K·s⁻¹. Heat-transfer coefficients in 

rapid-solidification techniques exceed those in strip-casting or ingot-casting by several orders of 

magnitude [20]. When heat extraction is sufficiently rapid, the solidification-front velocity 

approaches atomic diffusion rates, enabling diffusionless or near-diffusionless solidification [20,21]. 

Gusakova et al. describe such solidification in three characteristic zones: 

• Zone 1 — glassy, fully diffusionless material in which all solutes remain trapped in a 

supersaturated matrix. 

• A transition zone — near-diffusionless solidification, resulting in cellular structures with solute-

gradient profiles and primary phases at cell boundaries 

• A final zone — where further reduction in solidification-front velocity leads to regular eutectic 

solidification. 

This zonal structure has been reported in multiple melt-spun Al-based alloys [20]. Materials 

produced in this way typically require homogenization either before or after milling and 

consolidation. Existing homogenization models relate homogenization time t to cell size or dendrite-

arm spacing (DAS) [22] according to: 

𝑡 =
4.6𝐷𝐴𝑆2

4𝜋𝐷0
exp (

𝑄

𝑅𝑇
),  (1) 

where D₀ is the pre-exponential factor in the diffusion coefficient, Q is the activation energy for 

diffusion, R is the gas constant (8.314 J·K⁻¹·mol⁻¹), and T is the homogenization temperature. 

Homogenization modeling usually focuses on Cu because it is the principal strengthening solute that 

must be redistributed during heat treatment, along with Li and Mg. However, Li and Mg diffuse 

much faster than Cu (for example, the diffusion coefficients at 450 °C for Cu, Li, and Mg are 1.27·10-

20 m²·s⁻¹, 3·10-20 m²·s⁻¹, and 15·10-20 m²·s⁻¹, respectively [6,23]). Rapid solidification produces materials 

with smaller cells or dendrites [24], substantially reducing homogenization time. In dilute alloys 

where typical eutectic dendrites do not form, eutectic-cell size (ECS) can be used instead of DAS. 

Reducing homogenization time can mitigate detrimental effects of conventional processing, 

such as Li-depleted surface layers and coarsening of Al₃(Sc,Zr) precipitates. However, research on 

rapidly solidified Al–Cu–Li–Mg–Zr alloys remains limited, particularly for melt-spun systems 

[25,26]. Furthermore, diffusionless solidification does not guarantee uniform formation of eutectic 

cells throughout the material, suggesting that homogenization behavior may differ between zones of 

a melt-spun ribbon. 

In this study, ribbons of an Al–Cu–Li–Mg–Sc–Zr alloy were annealed in situ in a scanning 

transmission electron microscope (STEM). This approach simulates homogenization annealing and 

enables real-time, high-resolution monitoring of microstructural evolution at various stages of heat 
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treatment. Particular attention is paid to the transformation and dissolution of primary phases and 

the precipitation of Al₃(Sc,Zr) particles. Local STEM observations are correlated with in-situ 

resistivity measurements on bulk samples. Automated crystal-orientation mapping (ACOM-TEM) is 

used to identify the structure of coarse particles. 

2. Materials and Methods 

The chemical composition of the alloy is listed in Table 1. The feedstock for the melt-spun 

ribbons was prepared by mixing a commercial AA2195 alloy with an Al–2 wt.% Sc master alloy and 

pure aluminum. The composition of the input material was determined from three optical emission 

spectroscopy (OES) measurements using a Q4 TASMAN spectrometer (Bruker, Billerica, 

Massachusetts, US). 

Table 1. Concentrations of alloying elements in the studied melt-spun ribbon (wt.%). Standard deviations are 

given in parentheses to the last significant digit. 

Cu Li Mg Zr Sc Ag Fe Al 

2.60(8) 0.71(8) 0.27(2) 0.12(6) 0.16(4) 0.24(7) 0.10(6) bal. 

The molten feedstock was preheated to 1000 °C before casting. Boron-nitride casting nozzles 

were positioned 0.22 mm above the copper wheel, which was rotated at 1500 rpm. The nozzle 

opening measured 10 × 0.55 mm². Due to inherent instabilities in the melt-spinning process, the 

resulting ribbons varied in thickness from 15 µm to 60 µm. A schematic of the melt-spun ribbon, 

including principal directions and the roll-side surface, is shown in Figure 1. 

 

Figure 1. Schematic of the melt-spun ribbons, showing principal directions and the water-cooled roll side relative 

to the material. 

Characterization of the ribbons at the meso- and microscale was carried out using a Thermo 

Fisher Apreo 2S SEM (Thermo Fisher Scientific Inc., Waltham, Massachusetts, US) and a Zeiss Auriga 

Compact SEM (Zeiss, Jena, Germany). Both microscopes were equipped with EDAX/Ametek EDS 

detectors (EDAX/Ametek, Berwyn, Pennsylvania, US) for elemental-distribution mapping. EDS 

maps were processed using the EDAX Apex software. For SEM analysis, multiple ribbons were 

embedded in resin and polished using SiC papers, followed by final polishing with OPS colloidal 

silica suspension (Struers, Copenhagen, Denmark). 

In-situ annealing experiments were conducted in a JEOL 2200 FS scanning transmission electron 

microscope (JEOL, Tokyo, Japan) using a heating holder operated with a stepwise heating rate of 50 

°C every 5 min. The microscope was equipped with a JEOL Centurio EDS detector and a Nanomegas 

ASTAR ACOM-TEM system (Nanomegas, Brussels, Belgium). TEM samples were prepared either by 

electrolytic polishing of ribbon segments for in-plane observations or by focused ion beam (FIB) 

milling in the Zeiss Auriga system for preparing cross-sections near the ribbon surface. 

In-situ electrical-resistivity measurements were performed on H-shaped specimens using the 

four-point method. The samples were approximately 1 cm wide and 10 cm long. Heating during the 
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measurement was carried out at a rate of 1 °C/min. Resistivity was calculated from current and 

voltage measurements obtained using KEITHLEY instrumentation (KEITHLEY, Solon, Ohio, US). 

Microhardness measurements were conducted using a Q10A+ microhardness tester (Qness, 

Mammelzen, Germany). A 20 g load was applied with a dwell time of 10 s. Artificial aging was 

performed in a silicone-oil bath at 180 °C. Microhardness was measured “on-edge” in the TD/ND 

plane during aging, and peak-aged states were additionally evaluated by indenting both surfaces of 

the ribbons. 

3. Results 

3.1. As-Cast State 

The microstructure of the as-cast melt-spun ribbon can be divided into two primary regions 

(Figure 2a). The first region is located near the surface that was in contact with the water-cooled wheel 

during casting (Zone 2 in [21]). Zone 2 consists of columnar cells with constituent phases precipitated 

along their boundaries. The interiors of these cells contain fine spherical particles that increase in size 

(with maximum diameters of approximately 150 nm) with increasing distance from the ribbon 

surface (Figure 2b). 

The second region (Zone 3), situated farther from the wheel side, is composed of eutectic cells 

similar to those observed in conventionally solidified materials (Figure 2c) [13,27,28]. These eutectic 

cells contain boundary constituents but no longer exhibit spherical intragranular precipitates. No 

glassy region associated with fully diffusionless solidification (Zone 1) was identified in the ribbon. 

Zone 3 exhibits larger cells and increased interparticle spacing. To estimate the required 

homogenization time using Equation 1, the eutectic-cell size (ECS) in Zone 3 was determined and 

taken as the upper bound for homogenization within the ribbon. ECS was calculated using the 

circular-intercept method [29] and found to be (1.0 ± 0.1) µm, based on five measurements. The 

corresponding theoretical homogenization time is 15 s. This estimate does not account for finite 

transformation and dissolution rates of constituent phases or for different diffusion coefficients 

within intermetallic compounds. Furthermore, the ribbons exhibit microstructural gradients across 

their thickness, and homogenization is not guaranteed to proceed uniformly in both regions. 

 

Figure 2. BSE micrographs of the as-cast ribbon cross-section (a), Zone 2 (b), and Zone 3 (c). Principal directions 

relative to the ribbon are indicated. 

Energy-dispersive X-ray spectroscopy (EDS) mapping of Zone 2 cells shows that the spherical 

precipitates are almost exclusively Cu-rich, while the boundary phases contain both Cu and Fe 
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(Figure 3). These elevated Cu and Fe concentrations are consistent with incoherent Al₂Cu (θ) and 

Al₇Cu₂Fe phases (Table 2). An increased Mg signal appears at some cell boundaries (Figure 3d), but 

this originates from nonequilibrium segregation during eutectic solidification and does not indicate 

the presence of Mg-containing intermetallic compounds. 

Because EDS provides only semiquantitative data and the small precipitates are embedded in 

an Al matrix, which affects quantitative accuracy, ACOM-TEM was performed in the same area. 

These measurements confirmed the presence of the Al₇Cu₂Fe and Al₂Cu (θ) phases (Figure 4). 

 

Figure 3. (a) BF-STEM image of the region analyzed by EDS. (b–d) Elemental maps showing the distribution of 

Cu, Fe, and Mg. Principal directions relative to the ribbon are indicated. 

Table 2. EDS analyses of the particles highlighted in Figure 3 (atomic %). 

Particle Al Cu Fe 

1 63.9 18.9 4.2 

2 68.1 21.3 1.3 
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Figure 4. (a,d) Virtual bright-field STEM images marking the locations where precession electron diffraction 

patterns were acquired. (b,e) Precession electron-diffraction patterns from the marked points. (c,f) Simulated 

diffraction patterns for Al₇Cu₂Fe and Al₂Cu (θ), respectively. 

STEM micrographs of FIB-prepared cross-sectional lamellae show that only a few spherical 

precipitates form within grains at the extreme surface of the ribbon (Figure 5a). These features begin 

to appear consistently at depths of approximately 3 µm. The spherical precipitates in this region 

measure 30-100 nm in diameter. An in-plane cross-section located slightly deeper within Zone 2, 

where spherical precipitates reach sizes up to 160 nm, was selected for further in-situ annealing 

studies (Figure 5b). This sampling location lies within Zone 2 but above the transition to Zone 3. 

 

Figure 5. (a) STEM micrograph of a cross-section near the ribbon surface. (b) In-plane section selected for in-situ 

annealing experiments. 
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The larger spherical precipitates are frequently observed to contain brighter cores in BF-STEM 

images (Figure 6a–c). These bright centers exhibit no enrichment of any elements detectable by EDS 

and show negative contrast in the Al map (Figure 6d), indicating that they are not composed of pure 

aluminum. This contrast suggests the presence of Li-rich (most probably AlLi) inclusions, which EDS 

cannot detect. 

 

Figure 6. (a) BF-STEM micrograph of a region of the melt-spun ribbon. (b) Enlarged inset showing Li-rich 

inclusions inside spherical precipitates (red circles). (c) HAADF-STEM image of the same area. (d) 

Corresponding Al elemental map showing negative contrast in the Li-rich regions. 

3.2. Resistivity Evolution 

The evolution of electrical resistivity—expressed as the ratio of the resistivity at temperature T, 

R(T), to the initial resistivity at room temperature, R₀—and the corresponding resistivity spectrum—

defined as the negative normalized derivative of the temperature-dependent resistivity—are shown 

in Figure 7. For comparison, the resistivity spectrum of pure aluminum is also included (black curve). 

In aluminum alloys, solute elements dissolved in the matrix are the dominant contributors to 

electrical resistivity [6]. Changes in solute concentration arising from precipitation or dissolution 

manifest as deviations from the monotonic increase in resistivity observed for pure aluminum. These 

deviations appear as inflection points in the resistivity-evolution curve and as peaks or minima in the 

resistivity spectrum [29]. 

The resistivity spectrum of the present alloy differs markedly from that of pure aluminum, 

whose resistivity increases smoothly with temperature due to the absence of microstructural 
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transformations. The first significant decrease in resistivity occurs at approximately 200 °C, indicating 

the onset of precipitation of strengthening phases within this temperature range, which is consistent 

with the temperatures typically associated with artificial aging in Al–Cu–Li-based alloys and with 

the formation of coherent precipitates such as T₁ and θ′ [5,13]. 

A pronounced peak appears at 300 °C, followed by a local minimum at 350 °C. Nanoscale Sc-

containing precipitates may form near 300 °C, causing matrix depletion and producing the observed 

peak [30]. The subsequent minimum at 350 °C reflects matrix enrichment resulting from the 

dissolution or redistribution of solute atoms. The most prominent spectral features occur at 

approximately 450 °C (peak) and 500 °C (minimum). Beyond 500 °C, an additional resistivity 

increase—reflected by another spectral peak—can be attributed to the dissolution of primary 

intermetallic phases, a behavior commonly observed in Al-based alloy systems [31]. Partial Li 

evaporation at elevated temperatures may also contribute. 

 

Figure 7. Resistivity evolution (blue) and resistivity spectrum (red) of the melt-spun ribbons, with the spectrum 

of pure Al shown for comparison (black). 

3.3. In-Situ Annealing 

No microstructural changes are observed below 200 °C in either of the examined regions (Figure 

8a). Although coherent strengthening precipitates are expected to begin forming in this temperature 

range, their small size and the short duration of the in-situ experiment prevent them from being 

directly resolved. 
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Figure 8. Microstructural evolution of a selected Zone 2 region during in-situ STEM annealing between 200 °C 

and 550 °C. 

Between 200 °C and 300 °C, platelet-shaped precipitates become visible as they coarsen (Figure 

8b). Their morphology varies depending on grain orientation. At 300 °C, several constituent phases 

undergo coarsening, and new phases appear along cell boundaries. These observations indicate 

depletion of the supersaturated matrix—consistent with the first major peak in the resistivity 

spectrum—and may be accompanied by the precipitation of Sc-containing particles. 

Between 300 °C and 400 °C, the intragranular spherical precipitates formed during rapid 

solidification dissolve (Figure 8c). The solute released during this process diffuses toward and 

enriches the boundary phases, producing the local resistivity minimum observed in the spectrum. 

Above 450 °C, the boundary phases transform into smaller spherical precipitates (Figure 8d). At 

approximately 500 °C, these newly formed particles begin to dissolve (Figure 8e), corresponding to 

the subsequent spectral changes. Continued annealing results in further dissolution of transformed 

phases and coagulation of released solutes into a small number of coarsening grain-boundary 

particles (Figure 8f). This coarsening event is responsible for the final major peak in the resistivity 

spectrum. 

Progressive coarsening of Al₃(Sc,Zr) precipitates during in-situ annealing is evident from the 

increasing graininess visible in the STEM images. This effect becomes noticeable at around 400 °C 

and intensifies with increasing temperature as homogeneously nucleated particles grow (Figure 

9a,b). 
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Figure 9. Al₃(Sc,Zr) particles at 500 °C during in-situ annealing: (a) overview of the analyzed area, (b) magnified 

view of the zone containing dispersion of Al₃(Sc,Zr) particles. 

Isothermal in-situ annealing at 520 °C confirms the presence of Al₃(Sc,Zr) precipitates (Figure 

10a), indicating successful nucleation and growth during earlier heating stages. These precipitates 

exhibit the characteristic core–shell structure, consisting of a Sc-rich core surrounded by a Zr-rich 

shell, as verified by EDS mapping (Figure 10b). 

 

Figure 10. (a) HAADF-STEM micrograph of Al₃(Sc,Zr) precipitates after 80 min of in-situ annealing at 520 °C. 

(b) EDS maps showing Sc-rich core and Zr-rich shell in a representative particle. 

Because the heating holder used for in-situ annealing is incompatible with the EDS detector, 

compositional analysis could not be performed during heating. The sample was therefore cooled in 

situ before being transferred to an analytical TEM holder. During cooling, reprecipitation of solute 

atoms occurs (Figure 11a), producing new intragranular precipitates. EDS mapping confirms that the 

remaining particles are either Al–Cu–Fe-based or Al–Cu-based (Figure 11b,c). Mg is fully 

homogenized within the analyzed region (Figure 11d). No Li-rich inclusions are detected after 

cooling. 
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Figure 11. (a) HAADF-STEM image of the analyzed region after in-situ annealing and cooling. (b–d) EDS maps 

showing Cu, Fe, and Mg distributions. 

Selected-area electron-diffraction (SAED) patterns were acquired from different locations within 

a coalesced grain-boundary particle. The particle contains both a Cu-rich region (Figure 12a) and a 

Fe-rich inclusion (Figure 12d). SAED analysis reveals that the Cu-rich region corresponds to the 

Al₂Cu (θ) phase, while the Fe-rich inclusion corresponds to the stable Al₇Cu₂Fe phase (Figure 

12b,c,e,f). Because Fe has very low solubility in aluminum, the Fe-rich Al₇Cu₂Fe phase remains 

undissolved. The θ phase (Al₂Cu) effectively traps Cu released during dissolution of transformed 

constituents. 

 

Figure 12. BF-TEM images of Cu-rich (a) and Fe-rich (d) regions selected for SAED; SAED patterns (b,e) and 

matching simulated diffraction patterns for Al₂Cu (c) and Al₇Cu₂Fe (f). 
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3.4. Ex-Situ Annealed States 

An experimental annealing procedure was applied to the melt-spun ribbon. The ribbons were 

annealed at 300 °C, 450 °C, and 530 °C for 5 minutes at each temperature. These temperatures were 

selected to optimize the microstructure of the material before potential artificial aging, as described 

in detail by Králik et al. [31]. The annealing duration was kept deliberately short to minimize surface 

Li evaporation, which would otherwise significantly degrade ribbon properties [32]. While solute 

homogenization is expected to occur rapidly—within approximately 15 s based on Equation (1)—the 

high-temperature exposure was extended to 5 minutes to enable transformation of the primary 

phases, following observations made during in-situ annealing. 

The distinct microstructural zones present in the as-cast ribbon (Figure 2a) are no longer visible 

after annealing (Figure 13). The transformed constituent phases are uniformly distributed across the 

ribbon thickness, demonstrating that homogenization was successfully achieved. 

 

Figure 13. BSE micrograph of the ribbon cross-section after the model homogenization annealing procedure. 

STEM-EDS mapping of the ex-situ annealed material reveals a phase distribution similar to that 

observed in the in-situ annealed ribbon (Figure 11). The microstructure contains discrete Cu-rich θ-

phase particles and Fe-rich Al₇Cu₂Fe particles, which may locally appear as inclusions within θ-phase 

regions (Figure 14). Mg is fully homogenized within the matrix (Figure 14d). No bright particle 

cores—previously attributed to Li-rich inclusions—are observed in the ex-situ annealed material. 
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Figure 14. STEM-EDS mapping of an ex-situ annealed ribbon. (a) BF-STEM micrograph of the mapped area. (b–

d) Elemental maps of Cu, Fe, and Mg. 

The Al₇Cu₂Fe and primary Al₂Cu phases act as sinks for solutes required for precipitation 

strengthening. However, Cu-containing transformed constituents are commonly observed in 

standard homogenized ingot-cast materials [33,34]. The aging response of the heat-treated ribbons, 

therefore, reflects the overall solute enrichment of the matrix. 

The material was artificially aged at 180 °C. Microhardness measurements were performed on 

samples aged for different durations to determine the aging response and identify the peak-aged 

condition (Figure 15). The initial hardness was (97 ± 4) HV0.02. Hardness gradually increased during 

aging and reached a peak after 40 h. The peak-aged hardness was measured as (132 ± 6) HV0.02. 

 

Figure 15. Microhardness evolution of the melt-spun ribbon during aging at 180 °C. Values represent on-edge 

measurements averaged across the ribbon. 

The increase in hardness during aging results from the precipitation of strengthening phases 

from the supersaturated matrix. The principal strengthening precipitates in this alloy system are the 

T₁ (Al₂CuLi) phase and the θ′ (Al₂Cu) phase. Their presence is confirmed in the peak-aged material 

(Figure 16a,b). θ′ precipitates appear as plate-shaped particles in three variants on {100}Al_planes. T₁ 

precipitates form plates in four variants on {111}Al_planes. Diffraction patterns of these precipitates 

exhibit superlattice reflections corresponding to the defined orientation relationships between 

precipitates and matrix (Figure 16c,d). The inset diffraction patterns in Figure 16a,b confirm the 

structures of the observed phases. 
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Figure 16. STEM micrographs of cross-sections of ex-situ annealed and peak-aged ribbons. (a) [110] zone; (b) 

[100] zone (selected area diffraction patterns in insets). (c–d) Schematic diffraction patterns corresponding to the 

observed precipitates. 

Microhardness measurements were also performed on both ribbon surfaces in the homogenized 

and peak-aged states to assess whether mechanical properties became equivalent on both sides of the 

ribbon following homogenization. The indentation diagonal was approximately 14 µm. For a Vickers 

indenter (136° tip angle), the indentation depth is almost 2 µm. Assuming the affected volume 

extends to 2.5× the indentation depth, the impacted depth is ~5 µm—well below half the ribbon 

thickness. 

The peak-aged microhardness of the originally Zone 2 surface (original wheel side) is (127 ± 8) 

HV0.02, while the former Zone 3 surface yields (129 ± 6) HV0.02. These values agree with the on-edge 

measurements within the experimental scatter, indicating that Cu concentration and the precipitation 

behavior of the strengthening phases are similar on both sides—providing further evidence of 

successful homogenization. 

4. Discussion 

Melt-spinning achieves significantly higher solidification rates than standard ingot-casting 

methods (0.5–10 K·s⁻¹ [36]) and even higher than some continuous-casting techniques such as twin-

roll casting (TRC), which typically operates at approximately 1000 K·s⁻¹ [27]. Although the range of 

solidification rates in these conventional processes is broad, the resulting microstructure consistently 

consists of eutectic cells with coarse primary-phase particles distributed along their boundaries 

[31,37]. In contrast, the melt-spun ribbon exhibits the multi-zone structure described by Gusakova et 

al. [20]. Standard eutectic solidification (Zone 3) appears only in sufficiently thick regions located far 

enough from the water-cooled roll. The critical thickness for the onset of this zone is approximately 

30–35 µm. 

In Zone 2, where near-diffusionless solidification dominates, coarse primary phases still form—

primarily Al₂Cu (θ) and Al₇Cu₂Fe. Additionally, Li-rich inclusions were detected inside some 
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spherical primary precipitates. These inclusions are most likely the stable binary AlLi (δ) phase, 

which forms early during solidification because of the high diffusivity of Li; subsequent constituents 

then precipitate around it. Similar δ-phase formation has been observed in other rapidly solidified 

Al–Li alloys [38]. The spatial distribution and size of all primary constituents vary significantly across 

the ribbon thickness, necessitating homogenization. However, the refinement imparted by rapid 

solidification reduces the required homogenization time to less than one minute [22]. 

The distribution of primary phases strongly influences transformation kinetics during annealing 

between 300 °C and 450 °C. Depending on particle size and location, the as-cast constituents 

transform into smaller spherical precipitates, which subsequently coarsen as the supersaturated 

matrix becomes depleted. Above 500 °C, some transformed particles dissolve while others undergo 

additional coarsening. Despite initial structural differences across the ribbon, the overall sequence of 

transformations during annealing resembles that observed in conventional eutectic systems: primary 

particles spheroidize, dissolve, and ripen at sufficiently high temperatures, including those 

containing Li [38]. Dissolution above 500 °C aligns with standard homogenization temperatures 

reported for Al–Cu–Li systems [23,39]. The rapid dissolution and coarsening processes occurring 

throughout the ribbon lead to effective homogenization of all transformed phases. 

The microstructural evolution observed during in-situ annealing correlates well with the 

measured resistivity changes, except for possible matrix Li depletion. Although nanoscale Sc-

containing precipitates cannot be directly resolved at the imaging scale employed during in-situ 

experiments, their formation is indirectly suggested by the appearance of fine contrast variations 

across individual grains (Figure 9). Their presence was later confirmed in isothermally annealed 

ribbons and by EDS mapping (Figure 10). The precipitate diameters remain below the coherency limit 

for Al₃(Sc,Zr) (≈ 22 nm) [11]. 

The microhardness evolution of the melt-spun material matches that of model TRC- and mold-

cast alloys of equivalent composition, both in terms of precipitation kinetics and peak-aged hardness 

[31]. The agreement between on-edge and in-plane hardness measurements within an experimental 

scatter further indicates that homogenization was effective. Although the peak hardness of the melt-

spun ribbon is lower than that of standard AA2195 alloys—which can reach up to 190 HV [40–42]—

this difference is expected. Commercial alloys generally contain ~50 % higher concentrations of key 

alloying elements and undergo pre-stretching before artificial aging [34]. Pre-stretching improves the 

uniformity and volume fraction of T₁ precipitates and provides additional work hardening, thereby 

enhancing strength. 

The melt-spun ribbon itself cannot be pre-deformed by conventional methods such as tensile 

stretching (due to brittleness) or rolling (due to thickness non-uniformity). Therefore, deformation 

processing should be applied after powder consolidation. Post-consolidation homogenization may 

also be beneficial, as it permits longer heat-treatment durations that can further dissolve residual 

Al₂Cu constituents. Li loss during post-consolidation heat treatment is expected to be significantly 

lower than during the treatment of thin ribbons. Furthermore, Al₃(Sc,Zr) precipitates have been 

shown to resist coarsening at 530 °C for at least 30 minutes, for at least 30 minutes, thereby retaining 

their strengthening effect [31]. 

5. Conclusions 

• The gradient in solidification rate across the ribbon thickness, combined with the rapid 

transitions between solidification modes during melt-spinning, results in an inherently 

inhomogeneous as-cast microstructure. 

• The primary phases present in the as-cast melt-spun ribbon were identified by EDS mapping and 

ACOM-TEM as Al₂Cu (θ) and Al₇Cu₂Fe. 

• Standard homogenization models indicate that the refined microstructure produced by rapid 

solidification can be homogenized in less than 1 minute. 
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• Spatial variations in primary-phase size influence transformation kinetics during annealing 

between 300 °C and 450 °C. 

• Above 500 °C, rapid dissolution and ripening occur regardless of the initial primary-phase size, 

producing a uniform distribution and size of transformed phases throughout the ribbon. 

• The transformed particles retain the same crystal structures as the primary phases observed in 

the as-cast state. 

• Microstructural changes observed locally during in-situ annealing are consistent with bulk 

behavior, as confirmed by resistivity-evolution measurements. 

• SEM observations of the primary-phase distribution, together with mechanical testing on both 

ribbon surfaces, demonstrate that the applied thermal treatment successfully homogenized the 

material. 
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