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ABSTRACT – Additive Friction Stir Deposition (AFSD) is an innovative solid-state additive 
manufacturing (AM) technique that has offered a promising solution for joining and fabricating 
high-performance aluminum alloys over the past decade. However, the use of heat-treated 
feedstock produced by cooling slope casting (CSC) remains largely unexplored. This initial study 
investigates the feasibility of using CSC LM25 feedstock in AFSD to achieve better 
microstructure and hardness, while preventing early feedstock breakage. Microstructural 
examination indicated a shift from coarse dendritic to globular grains, with an average grain size 
of 1.828 µm (0.351-60.835 µm), a reduction of approximately 96.3% compared to the as-cast 
material. While some samples (notably C5 CSC_HT and D2 PMC_HT) achieved smooth, 
defect-free deposition, continuous deposits under higher rotational speed (800 rpm) and feed 
rate (3 mm/min), the hardness of deposited parts reduced to 63–72 HV compared to 89HV in 
the base material, reflecting a ~20–29% decline due to thermal softening, over-aging of 
precipitates, and Si coarsening during AFSD thermal cycles. Although CSC helped to refine the 
grain structure and enhance deposition flow, this alone was not enough to improve the 
mechanical behavior of the deposited parts. Additional processing steps, such as thixoforming 
or heat treatment after deposition, may be needed to achieve better results. This study offers 
early observations on how cast feedstock behaves in AFSD and identifies important challenges 
and future directions for improving the solid-state processing of aluminum alloys, especially for 
lightweight parts in aerospace and automotive applications. 

 
ARTICLE HISTORY 

Received : 10th July 2025 

Revised : 12th Sept. 2025 

Accepted : 22nd Oct. 2025 

Published : 16th Nov. 2025 

 
 

KEYWORDS 

Additive friction stir deposition (AFSD) 

Cooling slope casting, 

Aluminum alloy feedstock, 

T6 heat treatment, 

Solid-state additive manufacturing 

 

1. INTRODUCTION 

LM25 aluminum alloy, also known as A356 or AlSi7Mg, is a popular casting alloy renowned for its excellent 

castability, mechanical properties, and corrosion resistance. Its outstanding strength-to-weight ratio makes it perfect for 

automotive, aeronautical, and other engineering applications needing lightweight yet robust components [1], [2] Recent 

Surani (2024) and Sunitha (2022) studies show that LM25 appears to enhance the metallurgical characteristics of 

aluminum cast alloys under heat treatments while also exhibiting better mechanical performance [3], [4]; wrought 

aluminum alloys, such as wrought 6061 and 7075 aluminum alloys, seem to provide the same outcomes under heat 

treatments [5], [6], [7]. The ultimate tensile strength, for example, can exceed 210 MPa for Thixoformed-T6 A356 alloy 

[8] and more than 250 MPa for Thixoformed-T6 (Solution Treatment-30 min) LM4 alloy [9], making these cast aluminum 

alloys a strong candidate for load-bearing applications. Recent studies also demonstrate that cast alloys processed via 

Additive Friction Stir Deposition (AFSD) can undergo significant microstructural refinement and strengthening compared 

to their as-cast state, as observed in high-entropy alloys [10]. These findings highlight the broader potential of extending 

AFSD to LM25 as a high-performance cast alloy. 

While LM25 is well-studied in casting and heat treatment, there is limited research on its use in additive friction stir 

deposition (AFSD), especially when using cast aluminum feedstock. Most AFSD processes to date have used extruded 

or bar-shaped aluminum rods as feedstock, largely because they are readily available and easy to handle during deposition 

[11]. However, these rods typically have a fixed microstructure which, combined with the need for standard-sized feed 

rods to suit specific AFSD machine designs, limits opportunities for metallurgical modification during deposition [12]. 

Although it is technically possible to use both cast and wrought forms as AFSD feed materials, the selection, preparation, 

and performance of cast feedstock remain underexplored areas, particularly in terms of deposition reliability and structural 

integrity [12]. Studies have reported typical issues such as porosity, weak bonding, flash formation, and local melting 

when using cast feedstock, all of which compromise final part quality [13]. These problems are even more severe when 

AFSD is performed using FSW machines, where the parameters are not originally designed for additive processes. 

Researchers have pointed out that adapting existing FSW equipment for AFSD can be difficult due to limitations in 

flexibility, control, and material compatibility [12]. This has also been seen in recent experiments with high-temperature 

materials, where the machine hardware struggled to handle the thermal and mechanical demands of the process [14]. For 

example, Alzahrani et al. (2021) found that even small changes in feed rate or speed significantly impacted defect 
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formation in cast A356 during AFSD, while Dilip et al. (2013) highlighted the need for precise parameter control to 

achieve sound bonding in multilayer aluminum deposits in AA2014 alloys  [15], [16]. Furthermore, Soni (2025) reported 

exceptional as-deposited strength, ductility synergy in Al–Ce alloys processed via AFSD, demonstrating the solid-state 

process’s ability to overcome fusion-related defects and refine microstructures [17]. These findings reinforce the need for 

alternative feedstock strategies and process optimization, thereby motivating the present study on cooling slope cast LM25 

as a reliable input for AFSD. 

CSC has been shown to refine grain structure and improve material flow, making it a promising alternative to extruded 

feed rods. Previous studies on A356, A319, and LM4 alloys confirm that CSC effectively transforms coarse dendritic 

structures into fine, globular morphologies, thereby enhancing feedstock consistency and improving mechanical 

properties [18], [19], [20]. Thus, while extruded rods have dominated AFSD research due to their availability, their fixed 

microstructure limits metallurgical flexibility and constrains performance improvements. This reinforces the need to test 

alternative feedstocks such as CSC-derived LM25. While LM25 has been extensively studied under casting and heat-

treatment conditions, its use as CSC feedstock in AFSD has not been reported. To the best of the researcher’s knowledge, 

no prior study has combined CSC with AFSD for LM25 aluminum alloy, and this is still underexplored. Hence, the main 

objective of this study is to develop and evaluate a cooling-slope cast LM25 feedstock for use in additive friction stir 

deposition (AFSD) and to compare its microstructural and mechanical properties with those of conventionally cast 

material. It should be noted that this work is an early pilot study, limited to single-layer deposition and does not include 

tensile or wear testing; such investigations, along with multilayer builds, are planned as future work. This research is 

intended to generate practical insights for industrial applications, especially in areas where high-strength, lightweight 

materials are essential. More than just a technical enhancement, the study seeks to contribute to best practices in advanced 

manufacturing, addressing the growing demands of modern engineering challenges. 

1.1  Cooling Slope Casting Technique 

Employing a novel technique called cooling slope casting in semi-solid processing enables metal-controlled 

solidification, thereby improving the mechanical characteristics of cast alloys. As illustrated in Figure 1, molten metal is 

poured from the crucible onto an inclined cooling slope, typically positioned between 30° and 60°. As the melt flows 

downward, temperature gradients and fluid motion generate shear forces that initiate the nucleation and breakup of 

primary dendrites. This process converts the liquid metal into a semi-solid slurry with a globular microstructure [18], 

[19], [20]. The slurry subsequently enters a water-cooled mold, where it solidifies to form castings with refined, non-

dendritic grains and superior mechanical properties compared to those of as-cast final products. Common problems in the 

conventional casting techniques, such as reduced segregation and porosity, are among the advantages of this process [19], 

[21], [22]. Research has demonstrated that cooling slope casting can effectively minimize shrinkage and porosity defects 

if compared to as-cast from conventional casting [21], [23] and foster a more uniform grain structure, contributing to the 

mechanical stability of LM25 components, which aligns with trends observed across various casting methods. By 

adjusting grain size and transforming conventional dendritic structures into semi-solid, globular formations, the cooling 

slope casting (CSC) process significantly enhances the microstructure of LM25 alloys, resulting in improved strength and 

ductility [9], [18]. Optimization of CSC parameters has been shown to predictably increase feedstock performance without 

costly trial-and-error casting experiments [24]. Further improvements in mechanical properties—particularly tensile and 

impact strength—have been achieved by optimizing process variables such as the slope angle and the addition of grain 

refiners, especially in Al–7Si–0.3Mg alloys, highlighting the suitability of CSC for thixoforming applications [25], [26].  

 

Figure 1. Schematic block diagram of the cooling slope casting facility 
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1.2  Introduction to Additive Friction Stir Deposition Process 

Emerging as a revolutionary additive manufacturing technology, combining the advantages of conventional friction 

stir welding with additive techniques, is additive friction stir deposition (AFSD). Rotational and translational motions 

combine in the AFSD process to generate required heat and pressure favourable for proper bonding without melting 

temperatures [27]. This approach enables components to be built layer by layer, thereby significantly reducing the waste 

associated with conventional subtractive techniques. It helps metal layers to be deposited in a solid form for materials 

sensitive to thermal distortion and segregation [28], [29], [30]. Particularly in aerospace applications where weight-to-

strength ratios are crucial, the AFSD process greatly improves material use and offers the possibility for repairing 

damaged components [13], [31]. For example, AFSD has been successfully applied in the repair of structural aluminum 

components, offering solid-state bonding that minimizes distortion and restores mechanical reliability, which is critical 

for aerospace applications [32]. The overall AFSD process can be divided into three phases as illustrated in Figure 2. 

First, the rotating solid consumable feedstock rod advances toward the substrate under axial force, generating frictional 

heat that plasticizes the material at the rod tip without melting in Phase I (Initial Contact and Heating). For the second 

phase (Deposition and Layer Formation), the plasticized material is extruded beneath the rotating tool, stirred, and 

deposited onto the substrate—usually made from the same material—forming a solid bond first layer. The final phase 

(Multilayer Build-up) involves depositing additional layers by incrementally retracting the tool and guiding it along a 

defined path after each layer is completed [12]. This solid-state process enables precise control of microstructure and 

mechanical characteristics during the deposition process through dynamic recrystallization, thus separating AFSD from 

the traditional fusion-based additive manufacturing approaches. 

 

Figure 2. The analogy of entire AFSD process for solid consumable feedstock rod 

 1.3 Importance of Microstructure and Mechanical Properties of Aluminum Alloys 

Maximizing the mechanical performance of the LM25 alloy depends on an awareness of its microstructural 

development during processing. A variety of techniques have been developed for comprehensive microstructural analysis 

of LM25 and other aluminum alloys, which is essential for understanding their mechanical behavior. Microstructural 

characteristics, including grain size, distribution, and phase composition, directly impact the strength, toughness, and 

ductility of aluminum alloys [33]. The relationships between the microstructure and mechanical characteristics are greatly 

clarified by characterization methods, including optical microscopy, scanning electron microscopy (SEM) [34], [35], [36], 

energy-dispersive X-ray spectroscope (EDS) and X-ray diffraction (XRD). Optical and electron microscopy techniques, 

especially advanced with EDS, offer insights into dimensional characteristics and phase distributions [37], while XRD 

enables phase identification, critical for fine-tuning the processing parameters [3], [15], [23]. The integration of these 

methodologies facilitates a robust microstructural characterization framework, allowing for the precise evaluation of the 

effects of processing conditions on alloy properties. In its as-cast state, LM25 typically exhibits coarse dendritic α-Al 

grains with an interconnected eutectic Si network, resulting in inconsistent mechanical properties and limited ductility 

[38]. Cooling slope casting refines this into semi-solid, globular grains, improving homogeneity and flow 

characteristics—features that enhance the plastic deformation and interlayer bonding needed in AFSD  [25]. These results 

indicate that, despite the observed increases in mechanical properties resulting from separate cooling slope casting and 

AFSD, the synergistic effects of these processes on the microstructure and mechanical properties of LM25 remain largely 

uninvestigated. Whether using conventional casting techniques or cutting-edge technologies like AFSD, these revelations 

help to improve processing approaches.  
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2. METHODS AND MATERIAL 

2.1  Material preparation  

The LM25 aluminum alloy was selected as the base material for its exceptional mechanical properties due to its usage 

in most automotive components, such as vehicle pistons [19], [39], [40]. The spectroscopic investigation of the material 

was carried out, and its chemical composition is given in Table 1. Three distinct types of samples were prepared for 

experimentation: as-cast (AC) or permanent mold cast (PMC), cooling slope (CS) cast, and friction stir deposited 

(FSDed). The AC (1 unit) and CS (3 units) cast samples were then subjected to standard T6 heat treatment according to 

the American Society for Testing and Materials (ASTM B917). A CS apparatus applied in this study is shown in Figure 

3, which consists of an inclined stainless-steel slope plane, a D2 tool steel mold and a portable melting furnace with a 

graphite crucible. LM25 ingots, after being cut to an appropriate dimension and weighing approximately 200 grams, were 

melted in the furnace at a superheated temperature of 720°C, followed by cooling to the desired pouring temperature (i.e., 

660°C). The molten alloy was poured over a 60° inclined CS plane (surface temperature: 28°C) with a 5 mm thick, 46 

mm wide, and 400 mm long plate based on the results of the optimization study conducted by Salleh et al. [9]. Water at 

room temperature with a flow rate of 2 L/min was circulated underneath the CS plate continuously for 10-15 minutes to 

ensure an increase in a-Al nucleation along the CS plate [23]. The melt transitioned to a slurry semi-solid state and was 

collected in a preheated Ø25 X 130 mm cylindrical D2 tool steel mold at 100 °C. The as-cast sample was acquired from 

the supplier through gravity casting, while the CS cast and FSDed samples were fabricated using the semi-solid processing 

method and solid-state additive manufacturing approach.  

Table 1. Chemical composition of LM25 aluminum alloy 

Materials Weight Percentage (wt.%) 

Copper (Cu) 0.2 max 

Magnesium (Mg) 0.20-0.60 

Silicon (Si) 6.5-7.5 

Iron (Fe) 0.5 max 

Manganese (Mn) 0.3 max 

Nickel (Ni) 0.1 max 

Zinc (Zn) 0.1 max 

Lead (Pb) 0.1 max 

Tin (Sn) 0.05 max 

Titanium (Ti) 0.2 max 

Aluminum Remainder 

 

  
(a) (b) 

Figure 3. Cooling slope casting apparatus (a) Cooling slope (CS) with D2 tool steel mold; (b) Portable melting furnace 

2.2 T6 Heat Treatment 

T6 heat treatment (HT) consists of three steps, which are solution heat treatment, quenching and age hardening 

(precipitation heat treatment) [8], [9]. All desired billets were subjected to T6 heat treatment based on the ASTM B 917/B 

917M – 08 standard (solution treatment at 540°C for 8 hours, water quenching at 65 to 100°C under ambient atmosphere 

and artificial aging at 160°C for 4 hours) in a Nabertherm oven for heat treatment.  

2.3  Additive Friction Stir Deposition (AFSD) 

AA LM25 rods were initially cast at ~25 mm diameter using both CSC and PMC methods and then machined to 20 

mm diameter to remove the cast surface defect and to fit the AFSD spindle shank setup. The final rods were 80–100 mm 
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in length, with a usable deposition length of 30–60 mm, which is a straight rod with a flat-ended tip (the rod end with 20 

mm diameter acted as the shoulder surface) and were rotated using an FSW spindle with no pin profile. AA6061-T6 

sheets (6 × 125 × 240 mm) were used as substrate plates. The deposited tracks were approximately 30–60 mm in length 

and 3–5 mm in deposit width, as estimated from the deposition setup. Exact deposit dimensions were not systematically 

measured in this pilot study and are identified as an area for future work. Table 2 provides the chemical composition of 

AA6061-T6, while Table 1 presents the composition of AA LM25. The AFSD experiments were conducted using a CNC 

friction stir welding (FSW) machine (Model: HMC 1007-2D, Ningbo Jinfeng Welding and Cutting, China), as illustrated 

in Figure 4(a). At the beginning of each trial, the AA6061-T6 substrate was firmly fixed onto the machine table, and the 

prepared AA LM25 rod was placed in the rotating spindle, as illustrated in Figure 4(b). After setting the AFSD process 

parameters, the AA LM25 rod began rotating and gradually moved downward until it contacted the surface of the secured 

AA6061 substrate. For this initial investigation, two deposition conditions (400 and 800 rpm, feed 2–3 mm/min) were 

selected based on prior AFSD literature ranges [10], [15], [17], lab FSW machine experiment experience, and initial trial 

runs to ensure stable material flow. The friction between the rotating rod and the stationary substrate generated heat, 

softening the rod and allowing it to deform plastically. As a result, the material was deposited layer by layer onto the 

AA6061 substrate to form the deposited parts (DPs), as shown in Figure 4(c). 

Table 2. Chemical composition of AA6061-T6 

Component Mg Si Fe Cu Cr Mn Zn Al 

Chemical composition (wt. %) 1.014 0.606 0.497 0.233 0.114 0.13 0.111 Bal. 

 

 
1 – AA LM 25 consumable rod 2 – AA 6061-T6 substrate 3 – Rotating shank 4 – Fixture plat 
5 – Rotation direction 6 – Deposition direction 7 – Deposited part (DP)  

Figure 4. AFSD conducted (a) A CNC FSW machine in UTeM laboratory; (b) setup of the AFSD process of the AA 

LM25 rod on the AA6061-T6 plate; (c) onset of deposition process 

2.4  Sample Preparation and Characterization of the Deposited Parts 

Each deposited part (DP) was cross-sectioned at the midpoint along the build direction (z-direction), then cold-

mounted and ground using silicon carbide abrasive papers in accordance with metallographic preparation standards. The 

grinding was done progressively with grit sizes of 240, 400, 600, 800, and 1200 in an average of 3-5 minutes per step. 

This was followed by polishing with DIAMAT Polycrystalline diamond suspension in three steps—6 µm, 3 µm, and 

finally 1 µm in an average of 10 minutes per step under ~1-3 N due to manual sample preparation—to achieve a mirror-

like surface finish, following ASTM E3 guidelines for macro- and microstructural analysis. The samples were then 

cleaned using 95% ethanol in an ultrasonic cleaner and etched for 15 seconds using Keller’s reagent, as outlined in ASTM 

E407, to reveal their microstructural features. Microstructure examination was performed on the as-received LM25 rod, 

the AA6061-T6 substrate, and the AFSD-deposited parts using an optical microscope (Model: Leica DVM6, Leica 

Microsystems, Singapore) and a scanning electron microscope (Model: SEM SU5000, Hitachi Hi-Tech, Japan) equipped 
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with an AMETEK energy-dispersive X-ray spectroscopy (EDS) system. This analysis focused on evaluating grain size, 

grain texture, and silicon particle distribution. Grain size and distribution were measured using ImageJ Analyzer and 

OriginPro 2025 software, as outlined in ASTM E112, with >500 grains per sample analysed; reported as mean ± SD with 

minimum/maximum range. Hardness testing was carried out on the LM25 base material and the cross-sectioned DPs 

using a Vickers hardness tester (Model: FALCON 400G2, INNOVATEST, Netherlands) with a 200 g load and a dwell 

time of 10 seconds, following ASTM E384. To generate hardness maps, the measured area was divided into five vertical 

lines with 2 mm spacing between indentations, as illustrated in Figure 5, adapted from prior research [15], [37]. 

  

Figure 5. Real specimen diagram showing hardness measurement with grid mapping of the aluminum alloy DP 

3. RESULTS AND DISCUSSION 

3.1 Macrostructure 

To identify the ideal AFSD conditions for additively manufacturing DPs without defects such as broken deposition 

layers or excessive flash, initial experiments were conducted with this goal in mind. It was observed that rotation speed 

and the consumable rod’s deposition feed rate are critical parameters for AFSD, as also supported by earlier [15], [37], 

[41], [42]. The rotation speed and feed rate of the consumable rod play a key role in influencing the quality of the deposited 

parts. Recent research has shown that these two parameters directly affect heat input, which plays a central role in 

controlling material flow, bonding strength, and the stability of layer formation. Higher rotation speeds or feed rates can 

lead to excessive softening, while lower values may cause poor bonding due to insufficient heat generation [41], [42]. 

A moderate rotation speed, such as 400 rpm, combined with a lower feed rate around 3 mm/min, created favourable 

conditions for fine grain formation through dynamic recrystallisation. This resulted in improved hardness and overall 

microstructure. Similar trends were reported in studies on AA7075-T6 and A356 alloys, where slower feed rates led to 

finer grain structures, higher hardness, and more stable, defect-free layer build-up, thanks to well-balanced heat generation 

and material flow [15], [37]. These observations are further supported by Abbasi-Nahr et al., who reported that using mid-

range rotation speeds (800–900 rpm) with feed rates between 5–12 mm/min led to uniform layer bonding, refined grains, 

and higher hardness in AA5083-based nanocomposites. Their optimized conditions resulted in up to 54% grain size 

reduction and significantly fewer defects [41], [42]. 

Conversely, using higher feed rates without adjusting the rotation speed can result in lower heat input, which may 

cause incomplete bonding, larger grain sizes, or other defects in the deposited layers. However, macrostructure 

examination of DPs produced at a constant rotational speed of 400 and 800 rpm with deposition feed rates in the Z-

direction of 2–3 mm/min has yet to produce defect-free parts, as seen in Figure 6. This figure shows macrographs of the 

deposited parts alongside their visual appearance with comments. Figures 6a and 6b illustrate discontinuous layer 

deposition for CSC tools without heat treatment, as the tools broke when the FSW machine was processed at 400 rpm 

and deposition rates of 2 and 3 mm/min, respectively. Additionally, the AFSD part experienced tearing at a feed rate of 

3 mm/min and a rotation speed of 800 rpm (Figure 6(d)). Meanwhile, as shown in Figures 6(c) and 6(e), the DPs processed 

at deposition feeds of 3 mm/min with a constant rod rotation of 800 rpm demonstrated continuous build-up of AA LM25 

layers. Visual examination of the deposit layers indicated that flash accumulated around the LM25 DPs under the applied 

processing parameters. It appears that heat-treated CSC feedstock produced good results, but further experimental runs 

are needed to determine optimal process parameters (i.e., RS = 800 rpm or higher; DR = 4 mm/min or higher) for 

successful multilayer deposition. These findings suggest that although some combinations are promising, further 

adjustments—such as slightly higher feed rates (e.g. 4 mm/min) and improved tool conditioning—may be necessary to 

achieve fully defect-free multilayer parts.  

Overall, both the researchers' experiment and supporting literature clearly show that achieving high-quality, defect-

free layers in AFSD depends heavily on careful balancing of rotation speed and feed rate. Optimizing these parameters 

not only improves layer bonding and grain refinement but also minimizes surface defects such as voids and flash 

accumulation [41], [42]. Across all processing parameters, the macrostructure cross-sections of the fabricated DPs tend 

to show fully continuous structures, but with voids, cracks, and flash defects at the interfaces of the deposited layers, 

which means they need further adjustment of process parameters in future runs. 
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3.2 Microstructure Evolution 

The as-cast microstructure of the LM25 aluminum alloy, which was first poured directly into the mold after being 

superheated to 720°C, is displayed in Figure 7. The sample’s dendritic microstructure exhibits an uneven shape that is 

uniformly distributed. A Si-rich eutectic phase (plate-like shape), porosity, primary free-Si, and minor intermetallic phases 

[15] are dispersed at the α-Al matrix’s grain boundaries, encircle the dendritic α-Al arms that make up the microstructure. 

The average grain size of this as-cast LM25 alloy rod (Figure 7) is 49.68  19.75µm, as determined by the grain 

interception method using ImageJ software and a microscope. 
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Figure 6. The deposited materials formed by the AFSD technique, processed at different rotation speeds (400-800 rpm) 
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Figure 7. OM images show the microstructure of the consumable tool (a) the as-cast LM25 alloy without heat treatment 

before use for AFSD, (b, c) at higher magnifications 

3.2.1 Microstructure of the Consumable Rod of As-cast and CSC Before AFSD Process 

Significant variations in grain size and microstructure morphology are shown in Figure 8 for the hypoeutectic LM25 

alloy samples that were AC-cast with heat treatment, CS-cast with heat treatment, AC-cast without heat treatment, and 

CS-cast with heat treatment. An α-Al phase, Si particles in the eutectic phase, and a variety of minor intermetallic 

compounds are present in all samples  [15], [23]. The AC samples (Figure 8(a) and 8(e)) have circular-shaped Si particles 

and coarse a-Al dendrites with interdendritic channels that contain the Al–Si eutectic. However, the AC sample without 

heat treatment shows more microporosities and micro-shrinkage (Figure 8(e) and 8(g)). This is probably because air and 

oxide film entrapment occurred during mold filling, and the high turbulent flow associated with the solidification stage 

makes it worse [23]. As shown in Figures 8(a) and 8(c), it appears that the Al-Si eutectic’s grain boundaries are not visible 

following heat treatment. 

A non-uniform rosette-like α-Al microstructure encircled by the eutectic phase can be seen in Figure 8(b) and 8(f). 

Surprisingly, the microstructures were different from the feedstock used for conventional casting, as illustrated in Figures 

8(a) and 8(e). The CSC caused the dendritic microstructure to completely change into the non-dendritic microstructure, 

even though the α-Al grains did not produce a uniform fine globular microstructure. External shear forces along the 

cooling slope plate in AC alloys cause the dendritic arm to break, which further refines the α-Al matrix. Furthermore, the 

microstructure’s Si phase refines and takes on a comparatively round lamellar shape due to the break-off of primary 

dendritic arms and minor breaking of secondary dendritic arms [9], [23]. With the assistance of T6 heat treatment, the α-

Al globules in the samples’ microstructure in Figures 8b and 8d further coarsened. This circumstance was also noted in a 

study by Hanizam et al. [8] and Anuar et al. [43]. Furthermore, following T6 treatment, most of the plate-like eutectic-Si 

particles took on a rounded form and became embedded between α-Al globules. During the solution treatment, the T6 

treatment changed the eutectic-Si shape, which resulted in the formation of an intergranular contrast during artificial aging 

[8]. 

3.2.2 Microstructure of the Deposited Parts after AFSD 

For this initial investigation, field emission scanning electron microscopy (FESEM) analysis was employed in addition 

to OM to thoroughly examine the impact of deposition feed rates and T6 heat treatment on the microstructure 

characteristics of the AFSD materials. FESEM micrographs paired with OM images of the LM25 DPs generated following 

successive layers of material deposition at a rate of 3 mm/min are displayed in Figure 9 for the CS cast without heat 

treatment (Figure 9(a), (b)), the as-cast with heat treatment (Figure 9(c)), and the cs cast with heat treatment (Figure 9(d)). 

The FESEM image in Figure 9(a) reveals a non-uniform, discontinuous bonding interface between the deposited material 

and the substrate. The curved interface and broad boundary zone indicate insufficient metallurgical bonding. This failure 

can be attributed to inadequate heat input or poor material flow since the rotation speed applied for this sample is 400 

rpm, which resulted in weak plastic deformation and poor interfacial bonding. In the meantime, the rotation speed of 800 

rpm was applied for samples in Figure 9 (b)-(d). Failure in Figure 9(b), which reveals unfilled voids and cracks at the 

interface, likely caused by insufficient or a mismatch in thermal conductivity due to non-uniform pre-cooling, preventing 

proper plasticization. In AFSD, material flow and dynamic recrystallization depend significantly on both the tool design 

and tool parameters, such as rotation speed and feed rate, which directly affect thermal input [44] and are influenced by 

cooling slope-cast initial structures, thus influencing recrystallized grain size and phase morphology [44], affecting grain 

refinement and mechanical performance [45] too. As seen in Figures 9(c) and 9(d), the FESEM micrographs demonstrate 

the significant positive impact of AFSD on the distribution and morphology of eutectic-Si, which converts primary Si 

plates into finer Si particles, driven by thermal-mechanical effects of the process [46], leading to effective bonding and 
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successful deposition. However, sample C5, which is CSC HT condition enhanced by moderate pre-cooling via cooling 

slope, promotes heterogeneous nucleation and suppression of porosity [47]. According to Kinser et al. (2025), cooling-

assisted AFSD, including submerged and slope-cooling, can enhance microstructural features like grain refinement and 

reduce porosity. In contrast to Figures 9(a) and 9(b), Figure 9(d) shows microstructural continuity in bonding and better 

phase distribution due to dynamic recrystallization and heat generation across layers [48], which provides real-time 

experimental evidence of the optimal process parameter in terms of the CSC hybrid with AFSD. Table 3 summarizes the 

findings from Figure 9 based on the study of Cooling Slope-Cast LM25 Aluminum in Additive Friction Stir Deposition 

(AFSD). This matrix organizes each sample’s microstructural and mechanical performance to support analysis and 

discussion in this section. 

With Heat Treatment (1000x) 

   
As-cast (D2) Cooling slope cast (C5) 

  

With Heat Treatment (500x) 

  
As-cast (D2) Cooling slope cast (C5) 

 

Without Heat Treatment (1000x) 

  
As-cast (D2) Cooling slope cast (C6) 

 

Without Heat Treatment (150x/500x) 

  
As-cast (D2) Cooling slope cast (C6) 

Figure 8. Optical microscopy (OM) images (magnification 500x and 1000x) of hypoeutectic LM25 samples; (a), (c) 

AC-cast with heat treatment, (b), (d) CS cast with heat treatment (C5), (e), (g) AC-cast without heat treatment, and  

(f), (h) CS cast with heat treatment (C6) 
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Determining the size of the α-Al grains was very challenging. Following the friction stir deposition (FSD) process, α-

Al grain boundaries become indistinct due to grain refinement and dynamic recrystallization, as confirmed by OM and 

FESEM analyses[15], [49]. The stir zone in FSP mirrors the thermomechanical zone in AFSD, with similar 

microstructural evolution [15], [49]. FSP breaks down plate-like Si particles into finer, more uniformly distributed forms 

and eliminates porosity [15], [49], in addition to what was anticipated for heat-treated samples. These findings align with 

the improved homogeneity and mechanical properties observed in AFSD-processed A356 alloy in a study of Alzahrani 

et al. (2021) [15], [49]. By using ImageJ analysis, it is noted that the mean values of the grain size of the produced DPs 

under varying conditions of consumable rod conditions were 1.828 µm (range: 0.351 - 60.835 µm) for C5 CSC HT, 

1.868 µm (range: 0.703 - 30.753 µm) for D2 PMC HT, and 2.390 µm, (range: 0.702 - 35.462 µm) for C6 CSC, 

respectively, compared to the grain size value of 49.52  28.19 µm for the as-cast alloy (D2). The dynamic 

recrystallization (DRX) that takes place during the AFSD process is responsible for this extreme grain refinement. 

Regardless of the initial state of the feedstock, the strong plastic deformation and frictional heat produced by the rotating 

tool provide favourable conditions for both continuous and discontinuous DRX, resulting in the formation of fine, 

equiaxed grains [44]. To put it simply, heat-treated feedstocks encourage complete and more uniform recrystallization, 

which leads to smaller grains, whereas non-heat-treated CSC feedstock (C6) may undergo partial or irregular 

recrystallization because of its initial microstructure’s inhomogeneity. Furthermore, non-heat-treated CSC’s residual 

stresses and uneven particle distribution might prevent uniform grain refinement, resulting in somewhat larger grain sizes 

in the DP. 

Table 3. Summary of FESEM/OM Observations for LM25 DPs in AFSD at 3 mm/min 

Sample 

ID 

Deposition 

Status 
Interface Quality Grain Morphology 

Mechanical Performance 

Implications 

Key Microstructural 

Indicator 

C2 Deposition 

failed 

Poor bonding, 

curve-shaped 

Irregular, 

scattered, coarse 

Weak adhesion, high 

porosity risk 

Discontinuous interface; 

low recrystallization 

C6 Deposition 

failed 

Poor bonding, 

voids/ cracks 

Discontinuous and 

porous regions 

Likely brittle; tensile/ 

fatigue failure zones 

Voids at interface; 

minimal grain refinement 

D2 Successful Continuous, 

well-bonded 

Fine, uniform 

grains 

Good in hardness; reliable 

bonding 

Evidence of dynamic 

recrystallization 

C5 Successful Strong 

metallurgical 

bonding 

Dense, equiaxed, 

refined 

Excellent joint quality; 

improved mechanical 

traits 

Plastic deformation 

zones, consistent particle 

dispersion 

 

 
 

 

Figure 9. FESEM images attached with Optical microscopy (OM) of hypoeutectic LM25 DPs processed at deposition 

rate of 3mm/min under varying conditions of samples; (a) C2 (deposition fail), (b) C6 (deposition fail), (c) D2, (d) C5 
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Figures 10 and 11 support the observed microstructural refinement following AFSD. The EDS mapping and FESEM 

analyses show a more uniform and fine distribution of elements, particularly Si, across both the deposited part (C5 DP 

sample) and the tool (C5 CSC HT). This confirms the dissolution of coarse phases and redistribution of alloying elements, 

aligning with the reduction in visible α-Al grain boundaries due to dynamic recrystallization and plastic flow [15], [49]. 

The Si mapping in both figures reveals a transition from coarse plate-like particles to smaller, more homogeneously 

dispersed ones, consistent with prior FSP observations on A356 [40]. This reinforces the similarity between FSP stir 

zones and AFSD thermomechanical zones [50], [51], both characterized by severe deformation and localized thermal 

input. Additionally, the even elemental spread seen in the overlay maps and EDS spectra aligns with Jalilvand et al.’s 

findings that friction-based processing promotes microstructural homogeneity and reduces porosity [52]. 

Importantly, a finer and more uniform Si distribution observed in CSC-derived deposits compared to PMC deposits 

is beneficial for mechanical performance, since it aids load transfer and delays crack initiation under stress [10]. 

Nonetheless, the repeated thermal cycles during AFSD encouraged Si coarsening, which diminished its strengthening 

contribution and explains part of the hardness reduction observed. Therefore, the redistribution of Si observed in the EDS 

maps is not only indicative of microstructural refinement but also explains the subsequent hardness response: finer Si 

promotes load transfer and bonding, while coarsening during repeated thermal cycles diminishes strengthening, as further 

detailed in Section 3.3 

   
   

 
Figure 10. FESEM analysis at 1000x magnification and EDS mapping results reveal the elemental distribution of the C5 

DP sample after deposition using the CSC HT consumable tool 

3.3 Mechanical Property: Hardness Results 

The hardness profiles in Figure 12 and the average hardness values in Figure 13, when viewed together with the 

microstructure images in Figure 9, help explain how AFSD and feedstock type influence the mechanical behaviour of 

LM25 aluminum alloy. Figure 12 presents the Vickers hardness measured at different heights along the deposited parts 

(DPs), revealing how hardness varies layer by layer. The hardness variation layer-by-layer in Figure 12 highlights this 

behaviour, reflecting changes in thermal exposure and plastic flow during deposition, which affect the grain structure. 

Among the samples, D2 PMC_HT and C5 CSC_HT showed relatively steady hardness values across the build height, 

while others like C2 and C6 had more noticeable fluctuations—likely due to uneven heat input or inconsistent structure 

across layers. As shown in Figure 13, even though all deposited samples displayed good bonding without visible defects 

(see Figure 9(c)-(d)), their hardness values were lower than those of the original base materials (BMs). For example, C5 

CSC_HT dropped from 80.28 HV in the rod to 67.07 HV after deposition, and D2 PMC_HT also fell from 79.08 HV to 

67.14 HV. These drops in hardness are likely due to thermal softening and the over-aging of strengthening particles such 

as Mg₂Si, caused by the repeated heating during the AFSD process [27], [45]. The hardness of the deposited parts 

decreased from approximately 89 HV in the base LM25 to 63–72 HV, representing a reduction of roughly 20–29%. This 

decline is mainly linked to the repeated heating and cooling that occur during the AFSD process. These thermal cycles 

cause Mg₂Si precipitates to overage, eutectic Si particles to grow larger, and the aluminum matrix to undergo recovery 

and partial recrystallization. Together, these changes lower the dislocation density and weaken the precipitation hardening 

effect, which are normally key contributors to the strength of Al–Si–Mg alloys [15], [16]. As a result, although AFSD 

helps refine grains through intense plastic deformation, the benefits of grain refinement are outweighed by thermal 

softening, explaining the overall loss in hardness. 
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Even though both C5 (CSC_HT) and D2 (PMC_HT) samples underwent T6 heat treatment, C5 displayed more stable 

deposition behaviour and slightly higher hardness. This improvement can be attributed to the refined, globular grains 

formed through CSC, which enhanced material flow, reduced porosity, and promoted stronger bonding with the substrate 

[18], [19]. By comparison, the PMC feedstock retained a coarser dendritic structure, restricting plastic flow during 

deposition and leading to a weaker mechanical response. This demonstrates that CSC contributes not only to grain 

refinement but also to interfacial bonding during AFSD, giving it advantages beyond hardness alone. 

   
   

   
 

 
 Figure 11. FESEM analysis at 500x magnification and EDS mapping results show the elemental distribution of the C5 

CSC HT consumable tool after use for deposition 

 

Figure 12. The hardness profile according to layer height of cross-sectioned DPs under various sample conditions. 
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Although CSC-based samples show lower post-deposition hardness, this is not necessarily detrimental. A softer 

feedstock can improve plastic flow and facilitate better layer bonding. As reported by Zhang et al. (2025), interfacial 

bonding during AFSD is highly dependent on feedstock deformability and grain flow at the interface, both of which are 

enhanced in CSC feedstocks due to their globular microstructure and semi-solid characteristics [53]. The researchers 

showed that elemental redistribution, such as Zn enrichment at the 7075/2024 interface, suppressed grain growth and 

enhanced shear strength in multilayer AFSD deposits. Likewise, Dong et al. (2025) reported that optimized AFSD 

parameters refined grains and promoted uniform precipitate distribution at interfaces, directly improving bonding and 

strength [54]. Even though the deposited parts showed an overall drop in hardness, the CSC feedstock still performed 

better than the PMC rods in terms of bonding and deposition quality. The more globular and refined grains created during 

CSC made the material easier to deform plastically during AFSD, which helped improve flow and contact at the interface. 

As a result, the deposited layers were smoother and showed fewer visible issues such as porosity or weak bonding [20]. 

This indicates that, despite the hardness loss caused by thermal cycles, CSC feedstock offers clear process advantages by 

enhancing deposition reliability and structural soundness, making it a stronger option compared to conventionally cast 

rods. Together, these studies confirm that microstructural refinement and elemental homogenization play a critical role 

in bonding quality. By analogy, CSC-derived feedstock enhances interfacial bonding in LM25 through improved plastic 

flow and more uniform Si distribution, even though thermal cycles still reduce hardness. Thus, while thermal softening 

may reduce hardness, CSC feedstock still supports strong, defect-free bonding, making it advantageous for certain AFSD 

applications.  

In summary, AFSD provides good layer bonding due to dynamic grain changes and plastic flow, but it does not always 

preserve strength. To achieve both strength and bonding, it’s important to improve feedstock structure and fine-tune 

processing settings. One possible solution is to use thixoforming on CSC feedstock, which creates more uniform, rounded 

grains that respond better to ageing [55]. Another option is to apply a post-deposition ageing process to restore strength 

by allowing the reformation of hardening phases [48]. 
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Figure 13. Comparison of average Vickers hardness between LM25 rods and deposited parts across  

feedstock conditions 

4. CONCLUSIONS 

This study investigated the feasibility of fabricating LM25 aluminum alloy deposited parts (DPs) on an AA6061-T6 

substrate using Additive Friction Stir Deposition (AFSD). The feedstock was prepared by cooling-slope casting (CSC) 
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and T6 heat treatment. Macrostructural inspection, microstructural analysis, and hardness testing were conducted to assess 

the effects of rotational speeds (400 and 800 rpm) and deposition feed rates (2–3 mm/min). Based on the analysis of the 

results, the following conclusions can be drawn: 

• The original microstructure of LM25 was notably modified by the semi-solid process, specifically cooling-slope 

casting (CSC), reducing the grain size to approximately 1.87 ± 1.63 μm and transformed coarse dendritic grains into 

more globular forms. This structural enhancement suggests that CSC feedstock may provide benefits in nucleation 

and flow behaviour during AFSD. 

• CSC heat-treated rods enabled continuous, though not yet defect-free, deposition at 800 rpm and 3 mm/min. However, 

further work and experimental validation are necessary to identify optimal process parameters for achieving multilayer 

deposition while maintaining mechanical integrity, especially for CSC-derived feedstock. 

• Despite successful deposition, all parts, regardless of whether they were produced from PMC or CSC feedstocks, 

exhibited a consistent reduction in hardness compared to their respective base materials. This decline is attributed to 

heat softening effects, such as potential over-aging and precipitate coarsening during AFSD. 

This study confirms that CSC feedstock is feasible for AFSD and enables smooth, continuous deposits. However, 

hardness retention remains a limitation, especially with CSC LM25 alloy feedstock. Future efforts should focus on 

improving feedstock quality (e.g., through thixoforming), reducing thermal degradation during deposition, and 

investigating post-AFSD heat treatments to restore strength. Future work should also include systematic measurement of 

deposit dimensions to better correlate AFSD process parameters with deposition geometry and mechanical properties. 

These avenues are vital to broadening AFSD’s industrial potential by enabling the manufacture of high-performance 

aluminum alloy parts for the automotive and aerospace industries. 

Based on the findings and goals of this pilot study, the following practical recommendations are provided to guide 

future research aimed at improving AFSD of LM25 alloy via CSC feedstock: 

i) Enhance feedstock quality through thixoformed CSC with T6 treatment. Thixoforming can substantially improve 

the microstructure of CSC LM25 by promoting spheroidization of α-Al and refining eutectic Si, resulting in a more 

uniform, globular structure with reduced porosity. Post-thixoforming T6 treatment further dissolves coarse 

intermetallics and precipitates strengthening phases, thereby improving feedstock consistency, response to thermal-

mechanical cycles during AFSD, and, ultimately, hardness in DPs. 

ii) Reassess and optimize AFSD parameters. Researchers should consider lower rotational speeds and carefully selected 

feed rates to minimize overheating and over-aging caused by excessive thermal cycles, which reduce hardness. As 

supported by Kinser et al. (2025) and Zhu et al. (2024), submerged AFSD and controlled deposition energy, along 

with in-situ cooling techniques such as water mist or submerged AFSD, are proven to enhance hardness and 

microstructure retention and limit thermal degradation. 

iii)  Implement post-AFSD T6 Heat Treatment. If thermal cycles during deposition diminish hardness, applying a post-

deposition T6 treatment may restore or enhance mechanical strength by reprecipitating Mg₂Si and refining the 

microstructure. This approach has been highly successful in other aluminum alloys such as 6061 and 7075. The study 

by Chen et al. (2023) indicates that post-AFSD T6 treatment can restore, and sometimes surpass, the original material 

properties. 
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