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Abstract. The LM25 aluminum alloy was obtained using the spray deposition method at an 
optimum pressure of approximately 10 bar, a deposition distance of approximately 41 cm. and 
an inclination angle of 0º. The central portion of the spray deposit was warm rolled to obtain 
various thickness reductions, i.e., 0%, 20%, 40%, 60%, and 80% at 100ºC; it was found that 
the number of pores decreased as the thickness reduction increased. It was observed that the 
fine microstructure and secondary phase in the samples with a larger percentage of thickness 
reduction was due to the expediting cooling and freezing rate of the molten metal. The 
porosity and mechanical properties were better in the spray deposited and warmed rolled 
LM 25 substrate than the cast LM25 alloy.  
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1. Introduction 
LM25 alloys are widely used in the various applications, such as aviation [1], aerospace, 
bearing materials, electronic devices, shipping, and valve spring retainer industries, due to 
their high strength-to-low-weight ratio, their ease of casting, their high mechanical 
strength [2], and their high corrosion resistance. Adding 6% silicon (Si) to aluminum (Al) 
enhances the strength and the mechanical and metallurgical properties of the alloy. Various 
methods, such as the ingot method, powder metallurgy, spinning, stir casting [3], and the 
spray deposition technique [4], have been used to produce an LM25 deposit. While the  
LM25 alloy can be processed using conventional methods, the production costs are high, 
processing steps are required, and it is not possible to obtain the expected microstructure [5]. 
To overcome these issues, an LM25 alloy can be prepared using the spray forming 
technique [6]. In the spray forming technique, the major influencing parameters of the 
atomization processes [7] are pressure, the temperature during the warm rolling process to 
eliminate the porosity [8], and the gas-to-metal flow ratio. These must be minimized to obtain 
the desired microstructure and the respective material properties. The main problem with the 
spray deposition process is associated with the porosity due to the rapid pouring of the molten 
metal during the process. However, mechanical processes, such as rolling, extrusion, and 
forging, may be the solution to reduce the porosity and to improve the mechanical, 
metallurgical, and tribological properties of the LM25 alloy. Singer defined the basic 
principle of the spray deposition technique at the University College of Swansea, in the 
United Kingdom (UK) [9,10], in an attempt to establish the process for making the deposit 
strips based on the amalgamation of metal powder production vestige by inert gas atomization 
of liquid metals coupled with a consolidation step. Asish et al. [11] reported the processing of 
the Cu-Al-Ni alloy using the spray atomization and deposition process; they reported that the 
appropriate shape of the deposit was obtained at a pressure of 1 MPa, using argon gas and a 
rotor apex angle of 20º. That study also reported that there was no integration with the powder 
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particles during the spray process. Ojha et al. [12] reported the shape and mechanical behavior 
of spray-deposited hypoeutectic Al-Si alloys; they found that the shape of the deposit was 
obtained by controlling the rotation and inclination of the substrate based on the spray axis. 
The uniformity of the deposit was achieved at a disposition of 30º inclination angle of the 
substrate around the spray axis. Rashmi Mittal et al. [13] reported on spray cast and cold 
rolled Al-Si alloys; they found that, as the rolling percentage increased, the porosity 
decreased, and hardness increased. However, no previous study has investigated the warm 
rolling effects on the microstructure and mechanical properties of alloys. The present study 
selected the warm rolled temperature from the phase diagram of the Al-Si alloy presented 
in [14]. In the present paper, the LM25 alloy was processed using the spray deposited 
technique, rolled at the warm rolling temperature, and the metallurgical and mechanical 
properties of the spray-deposited LM25 alloy were analyzed and compared with the properties 
of the cast LM25 alloy.  
 
2. Experimental Procedure 
To analyze the mechanical and metallurgical properties of the spray deposited and warm 
rolled samples in the central portion of the spray deposit, it is necessary to cast the  
6% Al-Si substrate using emerging technology, i.e., the spray-forming technique. The 
schematic representation of the spray forming process is shown in Fig. 1. First, about 1 kg of 
6% Al-Si alloy (Kovai Metal Mart, Coimbatore, Chennai, India) was placed in a crucible and 
heated to the super-heated temperature in a resistance heating furnace. The graphite crucible, 
compressor, induction furnace, atomizer, spray chamber ties with the delivery tube and the 
copper substrate are placed near the rotor, which is located 410 mm from the tip of the 
delivery tube. Then, the inert gas (nitrogen) is released through an atomizer, the pressure is 
adjusted to 10 bar, and the molten metal is instantly poured. This enables semi-solid droplets 
to rapidly form over the copper substrate after the preformed deposition is removed from the 
substrate. Then, the dimensions, such as thickness and diameter, are measured. The 
processing parameters used during the experiment are presented in Table 1.  
 

 
Fig. 1. Spray deposition process 
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Table 1. Processing Parameters  
Pressure 

(bar) 
Type of inert 

gas 
Spray deposition 

distance (cm) 
Inclination 

(Theta) 
Melting point 

(Degrees) 
10 Nitrogen 41 0 1450 

 
The sample of size (20 mm×20 mm) is cut from the center of the spray deposit, heated 

at 100ºC in the resistance heating furnace, and rolled with the help of a warm rolling machine 
to obtain different thickness reductions, such as: 0%, 20%, 40%, 60%, and 80% represented 
in Table 2.  
 
Table 2. Warm Rolling Conditions 

Iteration 
No. 

Initial thickness of 
the sample (mm) 

Final thickness of the 
sample (mm) 

 

% of 
thickness 
reduction 

Warm rolling 
temperature (ºC) 

1 20 20 0 100 
2 20 16 20 100 
3 16 10.50 40 100 
4 10 4.2 60 100 
5 4.2 0.84 80 100 

 
Samples measuring 10 mm × 10 mm were cut down from rolled samples and prepared 

as per the metallographic ASTM E3-95 standards to analyze the rolling direction and 
microstructural behavior. The warm rolled samples initially underwent abrasive grinding (to 
remove unnecessary particles over the surface and edges) and were then mounted by using 
Bakelite as the adhesive agent. The mounted samples underwent paper polishing with an 
emery paper of 1/0, 2/0, 3/0 and 4/0 specifications and were then cleaned with kerosene. An 
emulsion powder of alumina suspended in H2O was used to perform wheel cloth polishing 
(rotational speed of the wheel less than 250 rpm) of the samples. Then, the samples were 
dried using a drier and etched with Keller's reagent (190 ml of distilled water, 5 ml of nitric 
acid, 3 ml of HCl and 2 ml of HF). After the completion of the above steps, the samples were 
systematically examined with Leitz optical microscope. Image analyses were performed to 
determine the percentage of surface porosity present in the warm rolled samples for various 
percentage reductions in thickness, i.e., 0%, 20%, 40%, 60% and 80% from the center of the 
deposit. For this, an optical microscope "Olympus model PM-3-311U" and a computer having 
an image analysis software from "De-Winter materials plus" were used. To determine total 
porosity, the densities of the samples prepared as per the ASTM B328-96 standards were 
measured by using Archimedes' principle. The samples are developed as per the ASTM E92 
standard to determine the degree of hardness. The hardness value for all samples is calculated 
via Vickers test mode HPO 250 at 16 kg load by moving the indenter to various locations of 
the specimen and then estimating the average hardness value. 
 
3. Results and discussion 

Shape. It was observed that the obtained shape of the spray deposit (Al-6%Si) is in the form of 
a Gaussian curve having a thickness of 20 mm and a diameter of 200 mm (Fig. 2). It was obtained at 
an angle of inclination of 0º, distance of 410 mm and pressure of 10 bar. 
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Fig. 2. Shape of the deposit 

The deposit shape depended on factors like pouring time, deposition distance, diameter 
of the delivery tube and inclination angle of the rotor. It is essential that the molten metal 
must be poured within 20 s to 50 s to prevent its solidification in the delivery tube that can 
lead to irregular shape of the deposit. It was observed that the shape also depends on the 
distance (deposition distance between the tip of the delivery tube and rotor). In the initial trial, 
when the distance was maintained at less than 400 mm, the shape was flat and uniform. In the 
second trial, when the distance was more than the 420 mm, the shape obtained was similar to 
that of a spray cone. In the third trial, when the distance was maintained at 410 mm, the 
desired shape was obtained. The diameter of the delivery tube also affects the shape obtained. 
It was observed that the desired shape was obtained at the optimum diameter of tube, i.e., 3 to 
4 mm. If the diameter is more than 4 mm, the molten metal passage is very high and fallen 
down maximum at the center portion of the subtract, which is lying over the rotor. The 
maximum inclination of the rotor is 0º for obtaining the Gaussian shape of the deposit. It was 
observed that for other inclinations like 30º, 45º and 60º, the proper spray cone was not 
obtained. Therefore, it was concluded that the shape of the deposit is obtained at pouring time 
of 30 s, distance of 410 mm, delivery tube diameter of 4 mm, rotor inclination angle of 0º and 
pressure of about 10 bar. 

Microstructural Analysis. Microstructural pictographs of LM25 alloy before and after 
warm rolling were observed for comparing the microstructural features as shown in Fig. 3. 
From Fig. 3a. it has found that after spray forming and before warm rolling, the Si phase is 
distributed along the grain boundaries of the Al matrix. The EDS analysis confirmed that the 
grey region belongs to the Si region and the white region belongs to Aluminum. Grain size 
was calculated for each rolled and unrolled specimen as per  
ASTM E-112 (intercept method) specifications. Fig. 3a shows that the average grain size of 
Al before warm rolling is different at 20-23 μm and Si is about 7-6 μm. The pores of  
15-20 μm are obtained during the pouring of the molten metal, which is called casting 
porosity. From Fig. 3b-e, it can be observed that the grains elongated along the rolling 
direction and length of the grain is increased with the reduction in thickness. This is due to 
dynamic recrystallization temperature of the material that leads to rapid movement of the 
molecules. In comparison with cold rolled specimens, the warm rolled specimens showed 
elongation in width direction as represented in Table 3. 
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Table 3. Average length of the grains 
Grain size (μm) Cold rolled Al-6Si Warm rolled Al-6Si alloy 

% of rolling 

0 20 24 
20 22.5 28 
40 30 33.5 
60 38 41 
80 42 48 

 
Therefore, there are two types of porosity in the samples: crack porosity due to rolling 

and casting porosity due to pouring. Decreased casting porosity accounted for up to 60% 
thickness reduction in Fig. 3b-d, casting porosity almost eliminated for 80% thickness 
reduction. It was also observed that the porosity was lower in warm rolled samples than the 
cold rolled and unrolled samples because the grains elongated rapidly with increasing 
temperature. 

Porosity. As mentioned in the previous sections, two types of porosity were 
found: 1.casting porosity; 2. cracking porosity. The casting porosity mainly presented inside 
the rolled samples; the reduction in thickness occurred along the rolling direction of the 
samples (Fig. 3b-e). The graph drawn between thickness vs. porosity in the sample is depicted 
in Fig. 4. In the initial stage of warm rolling, i.e., from 0 to 40% reduction, the passage of the 
molten metal into LM 25 alloy is in the rolling direction. Rearrangement and restocking of the 
sprayed particles resulted in the removal of porosity. As the rolling percentage increased from 
40% to 80%, plastic deformation is the dominant mechanism during warm rolling. As a result, 
pores elongated rapidly due to the movement of molecules in the rolling direction. This led to 
their fragmentation into several tiny pores. This process of fragmentation and elongation 
continued during the warm rolling process. In this process, the width of the elongated grains is 
very less, and the opposite faces of the pores are almost eliminated, and the casting porosity is 
removed. If the oxide layer is formed inside the pores, it can be ruptured by the deviatoric 
stress. The crack porosity is due to the rolling process. The initial globular shape of sprayed 
particles was transformed into plastically deformed grains. This results in cracks due to the 
presence of porosity and internal cavities existing in the sprayed structure. These pores and 
cavities are covered with the oxide layer, disallowing the closure of those upon application of 
compressive pressure. 
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Fig. 3. Optical micrographs of spray deposited and warm rolled LM25 alloy at a thickness 
reduction of (a) 0%, (b) 20%, (c) 40%, (d) 60% and (e) 80% 
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Fig. 4. Variation in porosity with reduced thickness in samples of LM25 alloy 

 
Hardness. The Vickers hardness value of LM25 alloy was calculated before and after 

warm rolling. Before rolling, i.e., 0% thickness reduction, the samples had hardness values in 
the range of 50-90 VHN as represented in Fig. 5. After warm rolling, the Vickers hardness 
value increased to 60-140 VHN. As the thickness reduction increased in the samples, the 
hardness value also increased, as represented in Fig. 5. The hardness values of warm rolled 
samples were observed to be better than the cold rolled and spray deposited samples because 
of sudden expansion and compaction in the samples. 
 

 
Fig. 5. Variation in VHN number with thickness reduction samples of LM25 alloy 

 
4. Conclusions 
Following conclusions were drawn on the basis of experimentation: 

1. In trial 1 and trail 2 with deposition distances of 400 mm and 410 mm, respectively, the 
obtained shape of the deposits were non-uniform. As the deposition distance increased 
to 420 mm in trail 3, the thickness of the deposits became uniform.  

2. The average grain size of spray deposited alloy without rolling was 20-24 µm, cold 
rolled samples was 20-42 µm and warm rolled samples was 24-48 µm. Warm rolled 
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samples possessed fine microstructure than other rolled samples due to higher 
elongation length and lower width of the grains.  

3. Two porosities were present in the samples, i.e., casting and crack porosities. 
Casting porosity was removed by rearrangement and restocking of the spray 
deposited LM alloy. Crack porosity was reduced by the warm rolling process. 80% 
thickness was reduced for samples possessing almost negligible porosity. Hardness 
values of warm rolled samples (60-140 VHN) are more than that of casted (50-90 
VHN) and cold rolled (50-120 VHN) samples because of lower porosity and rapid 
movement of molecules in warm rolled samples. 
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