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Abstract 

The method of fabrication of MMNCs is quite a challenge, which includes 
advanced processing techniques like Spark Plasma Sintering (SPS), etc. The 
objective of the present work is to fabricate aluminium based MMNCs with the 
addition of small amounts of yttrium using Spark Plasma Sintering and to evaluate 
their mechanical and microstructure properties. Samples of 2024 AA with yttrium 
ranging from 0.1% to 0.5 wt% are fabricated by Spark Plasma Sintering (SPS). 
Hardness of the samples is determined using Vickers hardness testing machine. The 
metallurgical characterization of the samples is evaluated by Optical Microscopy 
(OM), Field Emission Scanning Electron Microscopy (FE-SEM). Unreinforced 
2024 AA sample is also fabricated as a benchmark to compare its properties with 
those of the composite developed. It is found that the yttrium addition increases the 
above mentioned properties by altering the precipitation kinetics and intermetallic 
formation to some extent and then decreases gradually when yttrium wt% increases 
beyond 0.3 wt%. High density (< 99.75) is achieved in the samples and highest 
hardness achieved is 114 Hv, fabricated by spark plasma sintering and uniform 
distribution of yttrium is observed. 

  
Keywords: Spark plasma sintering, 2024 AA, Yttrium addition, Microstructure characterization, 
Mechanical properties. 

1. Introduction 

Industrial development of Al-based alloys is conservative because it is mostly concentrated on 
modifications of common and well known alloy systems (Al-Cu, Al-Si, Al-Mg-Si, Al-Zn-Mg, Al-
Li-Cu, etc.) and processing routes. The reason is that there is a lack of experience in new alloy 
systems and production methods. However, standard systems stated above seem to approach their 
mechanical limits. Rapidly solidified (RS) alloys of non-conventional compositions recently 
attracted great interest, because they are able to achieve tensile strength exceeding 1000 MPa. In 
particular, RS Al-TM-based alloys (TM=transition metals, such as Fe, Ni, Cr, V, Zr, Ti, rare earth 
metals, etc.) with amorphous or nanocrystalline structure are of importance. It was reported that 
ultrahigh tensile strength levels above 1200 MPa, more than double that of the commercial high-
strength Al alloys, were achieved for some fully amorphous RS Al-based alloys [1]. Yttrium plays 
a role similar to that of cerium. The beneficial effect of yttrium could be attributed to its high 
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oxygen affinity, which possibly helped forming a strong and adherent film. Certain metals that are 
difficult to be manufactured by other techniques can be shaped by powder metallurgy. Important 
applications of P/M include aerospace, automobile, lamp bulbs, oil-impregnated bearings, gears 
and filters [3]. High energy ball milling (HEBM) is an effective method of blending and alloying 
of the powders before consolidation [4]. 

 Spark plasma sintering (SPS) is a novel method for consolidating nanocrystalline materials with 
stunted grain growth and effective shrinkage in less time as well as obtaining cleaner grain 
boundaries for effective interface formation [2, 5]. The success of spark plasma sintering is usually 
related to its higher heating rates and shorter holding times and the properties of the component 
are higher compared to hot pressing [6-9]. This method is very promising, especially for ceramics, 
due to its ability to create nanoscale size grains [10, 11] and to retain original properties 
[9, 12, 13], with application to metal-matrix composites. Several recent studies have shown that 
the SPS method allows many properties to be improved. Kurita et al. [14] produced multi-walled 
carbon nanotube reinforced aluminium matrix composite with an ultimate tensile strength that 
was 4 times higher than that of the pure aluminium. Ullbrand et al. [7] showed that, by means of 
SPS instead of hot pressing, a stronger adhesion could be obtained between the matrix and the 
reinforcement. Long et al. [15] produced composites with a micro hardness that was 3.5 times 
higher than those produced by classical sintering method. The current plays two roles in SPS i.e. 
source of heating by Joule’s effect and promoter of enhanced diffusion rate during phase growth 
and intermetallic diffusion [16]. The production techniques have led to an unprecedented growth 
in the area of metal matrix composites with extraordinary superior strengths by necessary 
dislocations [16]. However, the fundamental mechanism of the SPS method is still unclear though 
different mechanisms have been proposed [17]. Alternative explanations to the plasma effect have 
been proposed, for example rapid Joule heating, local melting or particle deformation [18].  
          
Lim [19] reported the combined effect of grain refiners Al-5Ti-1B (fixed at 0.1wt% Ti and 
0.02wt% B) and yttrium on the mechanical properties of A356 gravity die castings and found that 
0.3 wt% yttrium addition renders the highest hardness value of  23.88 HRA (60kgf), a 20% 
improvement, compared to A356. However, the improvement of other mechanical properties was 
not significant compared to other reinforcement and processing techniques. Hui-Zhong [20] found 
that the addition of 0.10% Y could speed up the age hardening of 2519 alloy. The tensile strength 
was increased by 5 MPa with peak ageing at room temperature. Addition of 0.20% Y makes the 
tensile strength of the alloy to reach 205 MPa at 300 °C, which is 30% higher than that of the alloy 
without Y addition.  However, the author did not report the influence of Y on the mechanical 
properties at room temperature. Cooke et.al [21] fabricated 2024 AA powders with the addition of 
0.1, 0.2, and 0.4 wt% scandium by SPS. However, yield strength, ultimate tensile strength and 
ductility of the alloy did not increase significantly and the 2024 AA reinforced with TM like RE 
was investigated by very few researchers. This research aims to evaluate the microstructure and 
mechanical properties of 2024 AA reinforced with different percentages of Y ranging from 0.1 to 
0.5 wt% using SPS. 
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2. Experimental work  

 
2.1 Materials and methods 
In this work, the materials chosen are 2024 aluminium alloy and yttrium. Since the available 
literature is limited, some preliminary experiments are conducted to assess the feasibility of 
fabricating aluminium-yttrium composite by Spark Plasma Sintering. The chemical composition 
of as-received aluminium 2024 alloy is shown in Table 1. The average particle size is 60 microns. 

Table 1 Chemical composition of as- received Al 2024 alloy. 
Element Si Cu Fe Zn Mg Ti V Mn Al 

Wt% 0.16 4.67 0.47 0.14 1.71 0.05 0.001 0.80 balance 
 
Five samples alloyed with different amounts of Y are developed. This powder was produced at 
AlfaAesar (United States) through nitrogen atomization.  
 
2.2 High energy mechanical ball milling (HEMBM) 
Yttrium particles of size 40 mesh of one dimensional nano size are used for reinforcement. 
Planetary ball mill is used for uniform mixing of both the powders. The ball mill is rotated at a 
speed of 50 rpm for 2 hours and thus a uniform powder of the alloy is prepared as starting powder 
material. The as-received powders are analysed by scanning electron microscope (SEM), as shown 
in figure 1 (a) and (b). 
 

         
      Fig. 1.  SEM of experimental powders (a) 2024 AA and(b) Yttrium  

. 
From the SEM analysis it is evident that the average particle size of 2024 AA is around 60 microns 
and yttrium is one dimentional nano flakes of size 40 mesh. But after blending of both the powders 
by ballmilling, there are no traces of flakes except a few small ones here and there by which it can 
be concluded that the one dimentional flakes have been milled down to nano size. Figure 2 shows 
the SEM images of the milled powders. 
 

     

a b c 

a b 
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Fig.2. SEM images of the blended powders (a) with 0.1 wt % Y, (b) with 0.2 wt % Y, (c) 0.3 wt 
% Y, (d) with 0.4 wt % Y and (e) with 0.5 w t% Y. 

 
Even if the very small percentage of yttrium has not been in the focus of SEM, we can clearly 
assume that in atleast one image the flakes would have appeared. We can also observe that the 
flakes were cracked initially before milling and were prone to break easily due to increase in ball 
to powder ratio (4:1) 
 
2.3 Spark plasma sintering  
The blended powders are then seived and processed by SPS at the following parameters. 

1. Temperature – 450 °C. 
2. Rate of temperature rise – 50°C/ minutes.  
3. Pressure – 50 MPa. 
4. Holding time – 180 seconds. 

The samples prepared by SPS are shown in Figure 3, starting from pure 2024AA to   
2024AA + 0.5w%Y. 

 
 

Fig 3. SPSed samples with different proportions of wt % Y. 
3. Results and discussion 
 
3.1 Microstructure  
The aluminium matrix being very soft, polishing of the sample for microscopy results in removal 
of reinforcement particles from the matrix and also leaves marks on the surface of the sample. 
From the microstructure, we can observe the reduction in grain size as the wt% of Y increases and 
it is clear that the grain sizes of reinforced samples are smaller than that of the non reinforced alloy. 
Beyond 0.3w% Y the grain size tends to grow, as shown in figure 4 (a), (b), (c), (d), (e) and (f). 
However, the grain size change is not a clear evidence to the changes in properties. Yttrium 

d e 
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addition accelerate the precipitation kinetis of Al-Cu alloys [20]. So, the precipitation of Cu with 
Al forming Al2Cu played an important role in strengthening the composites. 
 

         
 

          
               
Fig 4. Microstructure of the samples(a) with 0.0 wt % Y, (b) with 0.1 wt % Y, (c) with 0.2 wt % 

Y, (d) 0.3 wt % Y, (e) with 0.4 wt % Y and (f) with 0.5 w t% Y. 
3.2 FE-SEM analysis     
The samples are also examined by FE-SEM and EDS. The results showed traces of yttrium present 
in very small amount and uniformly distributed. The results are shown in figure 5. We can see 
good interface bonding and a few surface pores as well.  
 

   
 

Fig. 5 .FE-SEM and corresponding EDS of 0.3 wt% Y. 
 
3.3 Density calculation 
By SPS almost fully dense samples were obtained but as the Y wt% increases beyond 0.3% the 
density saturates.The percentage yttrium versus theoritical densites, experimental densities and 
relative densities of the samples are shown in  the figure 6. The experimental densities are 
calculated using standard Archimedes principle. The high density achieved was by adopting 
appropriate SPS parameters.                                                                                           
             

a b c 

e f d 
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        Fig. 6. Variation of actual, experimental and relative densities with respect to wt% Y 
 
3.4 Hardness 
Hardness is measured by Vickers hardness testing machine with 5 Kg load. Due to the high density 
of the samples, considerably good hardness is achieved but after 3 wt% Y the hardness tends to 
decrease as shown in figure 6. The main strengthening mechanism involved is the formation of 
Al-Cu precipitates which decrease as the Yttrium is increased beyond 0.3. This phenomenon 
occurs due to the formation of Al-Cu-Y intermetallics at the grain boundaries. However, in alloys 
without copper content only intermetallic phase Al-y aggregates along grain boundaries and hence 
enhances grain boundaries to resist slipping or dislocation [22]. Beyond 0.3 wt% Y which the 
amount of Al-Cu precipitates decreases in the samples. 

     

 
Fig. 7. Variation of hardness with yttrium wt%. 

4.  Conclusions 

 
Based on the present work, the following conclusions can be drawn: 
1. Five different composites of 2024 AA + Y with different weight percents of Y were 

sucessfully fabricated by SPS with densities more than 99%. The high density attributes 
to the tight packing of powder particles by appropriate SPS parameters. 
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2. It is observed that the precipitation of Cu played an important role in strengthening the 
composite. Yttrium addition accelerated the precipitation kinetics upto 0.3 wt% but, 
beyond 0.3 wt%  it forms an intermetallic with Al and Cu and thus decreases the Cu 
precipitation. 

3. FE-SEM and EDS analysis show the presence of yttrium at uniform distribution, which 
enhances the mechanical  properties. Hence, ball milling may be treated as an appropriate 
meanse of blending powders. 

4. Due to the high density of the samples considerably good hardness is achieved but after 
0.3 wt% Y the hardness tends to decrease and the highest hardness registered is 114 HV. 
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