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Abstract: The effects of yttrium and artificial aging on AA2024 alloy were investigated. The developed samples were 
further subjected to artificial aging at 190 °C for 1−10 h with an interval of 1 h. The metallurgical characterization was 
done by scanning electron microscope and X-ray diffraction. The mechanical characterization like hardness and tensile 
strength of the samples was done using computerized Vickers hardness testing machine and universal testing machine. 
The microstructures revealed that addition of yttrium refined the α(Al) matrix and led to the formation of Al−Cu−Y 
intermetallic in the shape of Chinese script which strengthened the samples. Compared to the base metal, samples with 
yttrium addition showed better mechanical properties. The sample reinforced with 0.3 wt.% yttrium showed the highest 
mechanical properties with the hardness of 66 HV, UTS of 223 MPa, YS of 180 MPa, and elongation of 20.9%. The 
artificially aged samples showed that the peak hardening of all the samples took place within 5 h of aging at 190 °C 
with Al2Cu precipitation. Aging changed the intermetallic from Chinese script to the fibrous form. The optimum amount 
of yttrium addition to AA2024 was found to be 0.3 wt.%. 
Key words: yttrium; artificial aging; mechanical properties; multi-step stir casting; precipitation; microstructure 
characterization 
                                                                                                             

 

 

1 Introduction 
 

Due to the rapid change in technology from 
time to time, there is an immense pressure on 
material science engineers to develop stronger, 
lighter and cheaper materials, which can fulfill the 
recent needs. In the process of meeting this demand, 
a unique method has been adopted, that is, the 
materials which have currently been used in certain 
applications are further developed by alloying with 
known metals, methods of grain modifications, 
various heat treatments, secondary processing, etc. 
However, the development of materials through 
alloying has reached its limit and establishing new 
alloy systems is a time taking process [1]. Therefore, 
new trends and innovations must emerge in 
developing new materials with improved tailored 

properties at decreasing cost and improved 
efficiency. Three decades ago, completely new 
generation materials with properties that could be 
tailored to the requirements of a certain application 
appeared. Addition of trace elements provided 
scope to modify the precipitation kinetics in 
aluminium alloys. Among the metals, aluminium 
alloys were continuously given preference in 
research due to their high specific strength and low 
density. Further, aluminium based alloys and metal 
matrix composites (AMMCs) took lead in various 
disciplines, as they remain as potential candidates 
for making advanced structural and engineering 
components with greater efficiency [2−6]. 

Research around the world in the area of 
aluminium alloys proved beyond doubt the 
efficiency of aluminium matrix composites over 
base alloys not only in the laboratory but also at 
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industrial scale. However, the efficiency of the 
properties of these depends on the factors like,    
(1) distribution of precipitates in the matrix;      
(2) shape, size and amount of precipitation; (3) type 
of intermetallics formed between the matrix and the 
element added [7−9]. 

The above factors are solely dependent on the 
processing method. Among various processing 
methods used for developing AMMCs, liquid 
metallurgy is an ancient classic method and widely 
preferred due to its ease of operation. On the other 
hand, other fabrication methods are more effective 
concerning the improvements in microstructure and 
properties attained. However, the ease of operation 
decreased wastage of material through reuse, cost 
economics, etc., which has established the liquid 
metallurgy as a successful, competitive and go-to 
method for fabricating aluminum matrix composites, 
especially those of bigger size [10]. 

Over the years, a huge amount of research and 
development has gone into aluminium matrix 
composites with every possible aluminium alloy as 
matrix, i.e., 2xxx to 7xxx series with different types 
of reinforcing elements. However, the choice of 
matrix, selection of trace element (type, size and 
amount) and processing method depend on the 
application of the product developed. Among 
various aluminium alloys, Al−Cu and Al−Zn alloys 
are extensively used as matrix materials to develop 
engineering components, which can resist a certain 
amount of mechanical degradation to a maximum 
limit [11,12]. Based on the available literature on 
aluminium alloys, it can be observed that the Al−Cu 
alloy has been extensively studied concerning 
precipitation kinetics and aging mechanism. This 
alloy has been the focus of interest to the 
researchers with respect to understanding the 
strengthening mechanisms, precipitation, and its 
corresponding properties. However, it is well 
known that the addition of reinforcement of more 
than 15 wt.% tremendously increases the overall 
cost of the composite. 

A viable solution to the present problem could 
be found when the properties of the materials are 
improved with very little addition of an appropriate 
element. Research reports on rare earth elements as 
minor alloying elements showed positive effects on 
the mechanical properties of various aluminium 
alloys. It was reported that minor addition of Ce 
improved the thermal stability of the Ω phase and 

thus, increased the service temperature of Al− 
Cu−Mg−Ag alloy [13]. Recently, ZOU et al [14] 
studied the effect of Yb on the grain refinement of 
ADC12 aluminium alloy and reported that there 
was an obvious grain refinement. SHI et al [15] 
reported that the addition of Gd had an excellent 
refining effect on primary A365 α(Al) grains and 
secondary Si phase was modified by casting. With 
additional T6 treatment, the needle-like Si phases 
were modified to fine particles and uniformly 
distributed in the matrix which improved the 
mechanical properties, especially for the alloy with 
0.2 wt.% Gd addition. WANG et al [16] reported 
that addition of 0.5 wt.% Sb to Al−20Mg2Si−4Cu 
alloy was effective in refining the microstructure by 
modifying primary Mg2Si from coarse dendrite into 
smaller polyhedral shape with average size less than 
20 mm. The authors also stated that the tensile 
properties of the Sb modified alloy were improved 
compared to the base alloy at both room 
temperature and 150 °C. LI et al [17] reported that 
with addition of 0.5% Er to Al−20Si alloy, primary 
Si was significantly refined from coarse polygonal, 
platelet-like and star-like shape to fine blocky  
shape, and eutectic Si structure was modified from 
coarse needles to the fine fibrous structure along 
with an increase in the mechanical properties. 
However, the primary and eutectic Si phases 
became coarser when the level of rare earth Er 
addition increased beyond 0.5%. Along with these, 
several other RE elements were used in aluminium 
alloys such as Sm [18], Ce [19], Eu [20], Sc [21], 
Nd [22] and Y [23], to improve their properties. 
Some researchers have introduced double RE 
elements together, such as La+Ce [24], Pr+Ce [25] 
and La+Yb [26], for grain modification and 
improvement in mechanical properties of various 
aluminium alloys. 

From the literature, it can be observed that 
most of the RE additions were done to modify 
Al−Si alloys. Moreover, very less number of 
investigations on the modification of Al−Cu alloys 
can be found such as the addition of Ce [13],    
Yb [27], Nd [28], Sc [29], Er [30] and Y [31]. 
However, very less work has been focused and 
limited information is available on the addition of 
yttrium to Al−Cu alloys, especially, AA2024. 

Therefore, the present study is focused on 
developing the Al−Cu matrix by adding varying 
amounts of micro yttrium ranging from 0.1 to   
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0.5 wt.% through multi-step stir casting. The effects 
of yttrium addition and multi-step stirring on the 
microstructure and mechanical properties are 
evaluated. 
 
2 Experimental  
 

Cylindrical bars of AA2024 (99% in purity) 
and yttrium powder (99.6% in purity), were 
procured from Alfa Aesar, United States. The 
as-received AA2024 cylindrical bars had 
composition given in Table 1. 
 
Table 1 Chemical composition of as-received AA2024 

cylindrical bar (wt.%) 

Si Fe Cu Mn 

0.50 0.50 3.80−4.90 0.30−0.90

Mg Cr Zn V Al 

1.20−1.80 0.10 0.25 0.005 Bal. 

 
During melting of AA2024, some material loss 

may happen due to dross formation or burnout of 
alloying elements. In the present work, the loss of 
alloying elements during melting is considered 
negligible. However, after solidification, it is 
assumed that the composition of alloying elements 
falls in the range given in Table 1. The samples 
were stir cast in multiple steps by the following 
procedure. First, 200 g of AA2024 pieces were 
melted in a furnace at 800 °C. Once the pieces were 
melted and liquified, the pre-heated yttrium powder 
folded in aluminium foil was introduced into the 
melt at every step of stirring. Since the melting 
temperature of yttrium is 1526 °C, burning of 
yttrium during stirring may not have happened. The 
stirring speed was gradually increased and the 
temperature was increased to 900 °C to compensate 
for the cooling effect developed during stirring. 
After 10 min of stirring at 100 r/min, the liquid melt 
was allowed to settle down and again stirring was 
introduced. This procedure was continued until the 
melt became semi-solid. Then, the temperature was 
again raised beyond the melting temperature and 
the molten charge was poured into a steel die with 
dimensions of 15 mm × 30 mm × 250 mm and 
allowed to cool at room temperature. The stir cast 
samples with varying amounts of yttrium addition 
are shown in Fig. 1. 

The entire process was carried out at normal 
atmosphere and pressure (no special atmosphere 

 

 

Fig. 1 Stir cast samples with varying amounts of yttrium 

addition 
 
was used). After the melt was solidified and cooled 
down to room temperature, the samples were 
removed from the die. Then, the samples were cut 
into pieces for further mechanical and metallurgical 
investigations. After the samples were cut for 
characterization, the remains of each sample were 
stored in a refrigerator to avoid any natural aging. 
Further, all the samples were subjected to artificial 
aging. Initially, all the samples were solutionized by 
heating them to a solid solution temperature of 
500 °C and quenched to room temperature by water. 
Next, each solutionized sample was cut into ten 
pieces and then placed in a furnace until the furnace 
reached a temperature of 190 °C. Once all the 
pieces of all the samples in the furnace reached 
190 °C, time was noted. One hour after the noted 
time, one piece from each sample was taken out for 
characterization. In order to evaluate the effect of 
heating time on the hardening of the samples, 
corresponding pieces from each sample were taken 
out with an interval of 1 h up to 10 h. 
 
3 Results 
 
3.1 Density 

The samples developed through the above said 
stir casting process were cut into small pieces of 
equal size for measurement of experimental density. 
The theoretical and experimental densities of the 
samples were calculated by rule of mixtures and 
Archimedes principle, according to ASTM B962-08 
standard. The relative density was calculated using 
the theoretical and experimental densities and its 
variation with respect to the increase in yttrium 
addition is shown in Fig. 2. 
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Fig. 2 Variation of relative density of multi-step stir cast 

samples with varying amounts of yttrium addition 
 

Yttrium addition to AA2024 matrix has 
decreased the relative density of the samples 
compared to the as-received AA2024 ingots. From 
Fig. 1, it can be observed that the relative density of 
the samples decreases steeply up to 0.3 wt.% of 
yttrium addition. Upon further increase in yttrium 
addition, the decrease in relative density is not 
significant. 

Figure 3 shows the XRD patterns of the 
samples with various amounts of yttrium addition 
after stir casting. From Fig. 3, it can be seen that 
phases like Al3Y, Al6Cu6Y and Al2Cu are present in 
the samples and their amounts increase with yttrium 
addition. Also, it is observed that the peak ratio of 
Al3Y in the sample with 0.4 wt.% yttrium is higher 
than that in the sample with 0.5 wt.% yttrium. This 
difference in the peak ratios depends on many 
factors, for instance, preferred growth in a 
particular plane, experimental conditions, and 
instrument error. 
 

 

Fig. 3 XRD patterns of samples with varying amounts of 

yttrium addition 

3.2 Microstructure 
The samples were cut into small pieces, 

ground and then polished on silicon carbide emery 
papers. The polished samples were further polished 
on a mechanical rotating coarse cloth disc with fine 
Al2O3 powder particles until the visible scratches 
were removed and a mirror-like finish was  
obtained. The samples were etched for 30−40 s with 
modified Keller’s reagent which was prepared by 
mixing 10 mL HNO3, 1.5 mL HCl, 1 mL HF    
(48 wt.%), and distilled water. Then, the samples 
were thoroughly examined by field emission 
scanning electron microscope (FE-SEM). Figure 4 
shows the FE-SEM microstructures of the stir cast 
samples with varying amounts of yttrium addition. 

From the microstructures in Fig. 4, it can be 
observed that the grain refinement of the aluminium 
matrix takes place gradually with the increase in the 
amount of yttrium addition compared to that of the 
unreinforced AA2024. The formation of the 
intermetallic compound (Al−Cu−Y) in the matrix 
leads to the formation of grains. As the yttrium 
content is increased up to 0.3 wt.%, there is a 
positive response to grain refinement. Gradually, 
the grains start to form, leading to grain refinement. 
Upon further increase in yttrium content, the grain 
refinement and grain size reduction are not clear. 
Figure 5 shows the variation of the average grain 
size of the samples with yttrium addition. 

From Fig. 5, it can be observed that the 
addition of yttrium remarkably reduces the grain 
size up to 0.3 wt.% and the grains start to coarsen 
with further increase in yttrium addition. The 
increase in the average grain size beyond 0.3 wt.% 
yttrium addition is not as significant as the grain 
size reduction up to 0.3 wt.% Y addition. The 
average grain sizes of the samples were calculated 
using Image J software. The calculated average 
grain sizes of the samples with 0, 0.1, 0.2, 0.3, 0.4 
and 0.5 wt.% Y are 532, 467, 396, 323, 366 and  
388 μm, respectively. 

For further investigation, the samples were 
examined through FE-SEM in back-scatter mode at 
higher magnification to observe the intermetallic 
phase formation and its transformation in the matrix. 
The back-scattered FE-SEM images are shown in 
Fig. 6. The microstructures exhibit two distinct 
types of secondary phases in the α(Al) matrix, 
which play an important role in the variation in the 
strength of the samples. From Fig. 6, it is evident 
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Fig. 4 FE-SEM images of stir cast samples reinforced with different amounts of yttrium: (a) 0 wt.%; (b) 0.1 wt.%;    

(c) 0.2 wt.%; (d) 0.3 wt.%; (e) 0.4 wt.%; (f) 0.5 wt.% 

 

 
Fig. 5 Variation of average grain size of samples with 

yttrium addition 

that the addition of 0.1 wt.% yttrium leads to the 
formation of a Chinese script phase in the matrix. 
EDAX analysis shows that the Chinese script phase 
has the composition rich in Al, Cu and Y. Apart 
from the Chinese script phase, another phase 
comprising Al and Cu as major elements can also 
be seen in the matrix. As the yttrium addition 
increases up to 0.3 wt.%, the Chinese script phase 
becomes finer. Upon further increase in yttrium 
addition, the Chinese script phase coarsens 
(encircled in white) along with the Al−Cu phase, 
which is encircled in red. 

The SE-SEM image showing the Al−Y−Cu 
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Fig. 6 FE-SEM back-scattered images at higher magnification showing secondary phases and intermetallic 

transformation in stir cast samples added with different amounts of yttrium: (a) 0.1 wt.%; (b) 0.2 wt.%; (c) 0.3 wt.%;  

(d) 0.4 wt.%; (e) 0.5 wt.% 

 
intermetallic formation of the sample with 0.3 wt.% 
yttrium addition is shown in Fig. 7. Further, EDAX 
analysis was carried out to quantify various 
elements present in the respective phases in the 
matrix and the elemental spectra of the selected 
points are shown in Figs. 7(c−f). The elemental 
spectra show the intensity of the elements present in 
the selected points of interest in the microstructure. 

Table 2 gives the approximate mass fraction of 
different elements at various selected points in the 
sample. 

From Fig. 7(a), it can be observed that two 
distinct types of phases are present in the matrix. 
They constitute an intermetallic Al−Y−Cu phase 
resembling Chinese script shape, outlined in a white 
rectangle, and an Al−Cu phase encircled in red. 
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Fig. 7 FE-SEM images of stir cast sample with 0.3 wt.% yttrium addition (a, b) and EDAX elemental spectra (c−g) 

 

Table 2 Approximate composition of elements in sample with 0.3 wt.% yttrium addition calculated by EDAX (wt.%) 

Element Selected area 1 Selected area 2 Spot 2 Selected area 4 

Al 97.6 99.5 42.22 76.52 

Y 0 0 12.4 50.28 

Cu 12.4 0.5 45.38 0 
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Figure 7(b) shows the intermetallic Chinese script 
phase at a higher magnification showing the 
selected points for EDAX elemental graph analysis. 

Small pieces of all the samples were 
artificially aged at 190 °C for 1−10 h with a time 

interval of 1 h. Before the artificial aging treatment, 
the sample pieces were solutionized at 500 °C and 
water quenched to room temperature. The FE-SEM 
images of the samples heat-treated for 5 h at 190 °C 
are shown in Fig. 8. 

 

 

Fig. 8 FE-SEM back scattered images of stir cast samples heat-treated at 190 °C for 5 h (showing secondary phases) 

added with 0 wt.% (a), 0.1 wt.% (b), 0.2 wt.% (c), 0.3 wt.% (d), 0.4 wt.% (e) and 0.5 wt.% (f) Y, and EDX spectrum (g) 

of precipitates seen in (d) 
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From Fig. 8, two different kinds of phases can 
be observed, which are indicated with circles and 
arrows in the microstructures. Due to heat  
treatment, evidence of precipitation is seen in the 
microstructures of the samples. The fibrous phase 
present in Figs. 8(d, e) is an Al−Cu−Y intermetallic 
compound verified by the energy spectrum in   
Fig. 8(h) and the small white spots are Al2Cu 
precipitates that occur due to heat treatment. As the 
addition of yttrium increases, the amounts of the 
fibrous intermetallic phase consisting of Al, Cu, Y 
and Al2Cu precipitation also increase in the α(Al) 
matrix. Beyond 0.3 wt.% yttrium addition, both the 
fibrous intermetallic phase and Al2Cu precipitation 
coarsen. 
 
3.3 Mechanical properties 

The mechanical properties like hardness, UTS, 
YS and elongation of the stir cast samples were 
tested. The effects of yttrium addition and the 
processing conditions on hardness of all the  
sintered samples were evaluated by measuring 
microhardness using a computerized Vickers 
hardness testing machine (Model: FIE VM 50 PC). 
All the specimens were mirror polished and 
observed under a microscope, which was coupled to 
the machine. A diamond pointer was placed on the 
sample and a load of 5 kg was applied for a dwell 
time of 10 s and then removed. The size of the 
indentation caused by the diamond pyramid pointer 
on the sample was inversely proportional to the 
hardness of the corresponding samples. Ten 
hardness measurements were taken randomly at 
several places for each sample for better accuracy 
and precession. The average values and standard 
deviations of the results were calculated and 
reported. The hardness was measured in the 
transverse direction, which was perpendicular to the 
applied load during sintering. The tensile test was 
performed to evaluate the effect of yttrium addition 
and processing methods on the tensile strength and 
elongation of all the samples. The tests were 
conducted on a universal testing machine (UTM) 
(Model: H 75 KS) at a strain rate of 0.003 s−1. Three 
tensile specimens were cut from each sintered 
sample and the average values and standard 
deviations were reported. The tensile specimens 
were cut using a wire-cut electric discharge 
machine (EDM) according to ASTM E8 standards. 
The hardness variation of the samples with an 

increasing amount of yttrium addition is shown in 
Fig. 9. From Fig. 9, it can be observed that the 
hardness of the samples increases up to 0.3 wt.% 
yttrium addition and decreases thereafter. A clear 
trend of increase and decrease can be seen with 
yttrium addition, compared to unreinforced 
AA2024. 
 

 
Fig. 9 Variation of hardness of stir cast samples with 

varying amounts of yttrium addition 

 
The hardness of the samples heat-treated at 

190 °C for various periods is shown in Fig. 10. The 
samples were taken out of the furnace at each time 
interval, water quenched and polished to determine 
the hardness. 
 

 

Fig. 10 Variation of hardness of stir cast samples 

heat-treated at 190 °C with respect to time and variation 

in yttrium addition 

 
All the samples reach peak hardness within 5 h 

of heat treatment at 190 °C irrespective of the 
yttrium addition, as observed in Fig. 10. After 5 h of 
heat treatment, the samples got over-aged and 
before 5 h, they were under-aged. However, the 
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sample with 0.3 wt.% yttrium addition shows the 
highest hardness compared to the other samples at 
the peak aging time of 5 h. 

Three tensile specimens were cut from each 
stir cast sample including the as-received AA2024 
for tensile testing. The average values of the UTS 
and YS were plotted with error bars denoting the 
highest and lowest values. Figure 11 shows the 
variation of UTS and YS of the stir cast samples 
with yttrium addition. From Fig. 11, it can be 
observed that the UTS and YS of the samples 
follow the same trend as that of the hardness. There 
is a clear trend of increase in UTS and YS of the 
samples reinforced with yttrium compared to the 
as-received AA2024 sample. The UTS and YS 
increase up to 0.3 wt.% yttrium addition and tend to 
decrease upon a further increase in yttrium addition. 
 

 
Fig. 11 Variation of UTS and YS of stir cast samples 

reinforced with varying amounts of yttrium addition 

 
Figure 12 shows the variation of elongation of 

the samples reinforced with varying amounts of 
yttrium. From Fig. 12, an initial drop in elongation 
can be observed compared to the as-received 
AA2024 sample. Yttrium addition decreases the 
ductility of the samples. However, the elongation 
increases up to 0.3 wt.% yttrium addition and then 
tends to decrease. The elongation of the sample 
with 0.3 wt.% yttrium addition is observed to be 
higher than that of the as-received AA2024 sample. 

Figure 13 shows the microstructures of the 
tensile fractured surfaces of the samples. As the 
yttrium content increases, deep dimples and cones 
are observed which are encircled in white and red 
colour. The samples undergo ductile fracture up   
to 0.3 wt.% yttrium addition, as observed from    
Figs. 13(a−d), in which there are a fair number of 

fine and deep dimples along with fine cones. As the 
yttrium addition increases beyond 0.3 wt.%, the 
dimples gradually increase in size with a decrease 
in depth and also intergranular fracture takes place, 
which leads to ductile−brittle fracture, as shown in 
Figs. 13(e, f). 
 

 
Fig. 12 Variation of elongation of stir cast samples with 

varying amounts of yttrium addition 

 

4 Discussion 
 

Addition of yttrium caused a steep drop in the 
density of the samples, as shown in Fig. 2. The drop 
in the relative density can be explained by the 
action of stirring during the multi-step stir casting 
process. During the process, when yttrium was 
introduced into the melt, micro air bubbles were 
formed as a result of stirring. Since no de-gassing 
was done in the present work, it was difficult for the 
air bubbles to escape naturally from the liquid melt 
either during stirring or solidification and also, the 
addition of yttrium hinders the release of air 
bubbles into the atmosphere. Hence, there was a 
decrease in the relative density of the samples as the 
yttrium addition increased. The air bubbles also 
affect the mechanical properties of the samples. 
However, the degradation in the mechanical 
properties caused by the air bubbles is very less as 
it can be observed that the densities of the samples 
are well above 99% and the difference between 
densities of the samples is less. 

Through other studies, it was observed that the 
modification of microstructure by grain refinement 
was achieved by reinforcing a very little amount of 
rare earth elements that could effectively improve 
the overall mechanical properties of various 
aluminium alloys [13−31]. Addition of rare earth 
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Fig. 13 SEM images of tensile fractured surfaces of samples with different amounts of yttrium addition: (a) 0 wt.%;   

(b) 0.1 wt.%; (c) 0.2 wt.%; (d) 0.3 wt.%; (e) 0.4 wt.%; (f) 0.5 wt.% 

 
metal (yttrium) in very small amounts to the molten 
AA2024 sample brought significant changes in the 
microstructure by changing the morphology of the 
matrix metal from dendritic to spherical grains, as 
observed from Fig. 4. Yttrium addition is 
accompanied by grain modification and an 
increased tendency to form a non-dendritic grain 
structure. The effect of yttrium addition is 

manifested in the form of grain size modification, 
which affects the mechanical properties of the 
samples. The grain refinement in the matrix can be 
attributed to the difference in the atomic radius of 
aluminium and yttrium (r(Al)=0.143 nm and 
r(Y)=0.182 nm). The atomic radius of yttrium is 
bigger than that of aluminium and therefore, it is 
very difficult for yttrium atoms to enter into the 
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lattice of primary α(Al) phase. For this reason, 
yttrium concentrates in the front of the solid−liquid 
interface, restricting the growth of α(Al) grains and 
creating a strong constitutional under-cooling which 
leads to the nucleation of grains. The grain size of 
the samples initially decreases up to 0.3 wt.% 
yttrium addition and coarsens with further addition, 
as shown in Fig. 5. 

A closer look at the microstructures at higher 
magnification, as shown in Fig. 7, revealed a 
secondary phase, which resembled a Chinese script 
shape. From the EDAX spectrum shown in Fig. 7(f) 
and the approximate elemental proportion given in 
Table 2, the Chinese script phase can be expected to 
be an Al−Cu−Y intermetallic [23,31]. From Fig. 3, 
it can be observed that the Chinese script 
intermetallic is Al6Cu6Y. As the yttrium addition 
increases, this Chinese script phase gets finer and 
also increases in amount up to 0.3 wt.%. Upon 
further increase in yttrium addition, the Chinese 
script phase coarsens. Another secondary phase was 
also observed in the microstructure having 
composition rich in Al and Cu. The EDAX 
spectrum of the phase is shown in Fig. 7(c) and its 
approximate elemental proportion detected by 
EDAX is given in Table 2. The secondary phases 
provide strength to the sample by obstructing the 
dislocation movement. Finer intermetallic and 
secondary phase present in the matrix can 
effectively resist the dislocation movement and 
hence modify the mechanical properties. 

Mechanical properties of the samples like 
hardness, UTS, YS and elongation depend on the 
size and amount of the secondary phases present in 
the matrix and their ability to resist slipping and 
dislocation movement. The mechanical properties 
of the stir cast samples increase with an increase in 
the addition of yttrium. However, as the yttrium 
addition increases beyond 0.3 wt.%, the secondary 
phases become coarser and their effectiveness in 
resisting the dislocation decreases. Instead of 
offering dispersion strengthening, the coarse 
secondary phase, intermetallic phase, and 
precipitation start to behave like grains themselves 
and hence the mechanical properties deteriorate. 
This phenomenon could be due to the fact that the 
matrix alloy contains a variety of alloying elements 
like Cu, Mg, Mn and Fe. The elongation of the 

samples also follows the same trend as that of 
hardness, UTS and YS. However, an initial drop in 
the elongation is observed in the samples with the 
0.1 wt.% addition of yttrium, as shown in Fig. 12. 
As the yttrium content increases, we can observe 
that the depth and number of the dimples increase. 
As the yttrium content increases beyond 0.3 wt.%, 
we can see that the dimples gradually disappear and 
intergranular fracture takes place, which leads to a 
near brittle fracture, as shown in Fig. 13. 

CHEN et al [30] reported that when the 
amount of rare earth addition exceeds a certain 
value, the rare earth element will get segregated at 
the front of the solidification interface, as shown in 
Figs. 6(d, e) (encircled in red color) and prevent the 
diffusion of other alloying elements into the solid 
phase. This causes the solid solubility of alloying 
elements in the α(Al) matrix to decrease and hence 
increases the number of eutectic phases, causes 
segregation and reunion, hindering the refinement 
effect and make the entire organization begin to 
deteriorate. 

2xxx series aluminium alloys are a class of 
heat treatable or age-hardenable alloys. AA2024 is 
very responsive to heat treatment. The widely used 
heat treatments to this alloy are T-3 (solution 
heat-treated (SHT), cold worked and naturally 
aged), T-4 (SHT and naturally aged) and T-6 (SHT 
and artificially aged). Natural aging requires a lot of 
time to get substantially stable condition and it 
follows an exponential trend. Hence, T-6 stands out 
to be a good alternative to T-3 and T-4 processes. 
The stir cast samples were heat-treated from 1 to  
10 h at 190 °C. From Fig. 10, we can observe that 
the peak hardness was achieved in the samples 
heat-treated for 5 h irrespective of the amount of 
yttrium addition. Yttrium addition has accelerated 
the aging kinetics and brought down the peak 
age-hardening time to 5 h, compared to standard  
10 h treatment. The phenomenon of acceleration of 
age hardening kinetics could be attributed to the 
increase in dislocation density due to thermal 
mismatch between the matrix and the reinforcing 
material. During quenching from solutionizing 
temperature, high density of dislocations along with 
excess vacancies are formed at the interface, which 
accelerates the kinetics of the diffusion process and 
causes the nucleation of precipitates [28,29]. 
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Precipitates with an approximate composition of 
Al2Cu were observed in the microstructures of peak 
hardened samples, as shown in Fig. 8(g) [30]. The 
precipitates become finer and increase in number as 
the yttrium addition increases and offer Orowan 
strengthening or precipitation strengthening to the 
samples. Beyond 0.3 wt.% yttrium addition, the 
precipitates coarsen, as shown in Fig. 8, and the 
strengthening effect decreases, leading to a drop in 
hardness. Before 5 h of heat treatment, the samples 
were in under-aged condition and after 5 h, they 
were in over-age condition. 
 
5 Conclusions 
 

(1) Addition of yttrium decreased the relative 
density of the samples. 

(2) The microstructure analysis revealed that 
the addition of yttrium to α(Al) matrix refined the 
grains up to 0.3 wt.% by changing the morphology 
of secondary dendritic arm spacing (SDAS) and 
reducing the grain size. Beyond 0.3 wt.% yttrium 
addition, the grain refinement was not significant. 

(3) Through EDAX analysis, two types of 
secondary phases rich in Al−Cu−Y and Al−Cu were 
identified in the matrix. The phase rich in Al−Cu−Y 
resembled a Chinese script shape and became finer 
and increased in amount as the yttrium addition 
increased to 0.3 wt.%. Upon further increase in 
yttrium addition, the script phase, as well as the 
Al−Cu phase coarsens. The main strengthening 
mechanisms in the samples were solid solution 
strengthening by Al−Cu phase, grain refinement 
and dispersion strengthening by Al−Cu−Y phase. 

(4) Peak hardness of the heat-treated samples 
was achieved within 5 h. Yttrium addition reduced 
the heat treatment time to 5 h compared to the 
standard 10 h at 190 °C. Al2Cu precipitation 
occurred due to heat treatment and the shape and 
size of the precipitates after at 5 h heat treatment 
depend on the variation of yttrium addition. The 
precipitation provided dispersion strengthening to 
the samples. 

(5) The highest hardness of 66 HV was 
achieved for the sample with 0.3 wt.% yttrium 
addition and without any heat treatment. Similarly, 
the highest hardness of 90 HV was achieved for the 
same sample with heat treatment for 5 h. The 

hardness values achieved for the same sample with 
and without heat treatment were 146% and 200%, 
respectively, compared to the hardness of the 
as-received non-heat treated AA2024 sample. 

(6) Highest UTS and YS achieved were    
223 MPa and 180 MPa for the sample with     
0.3 wt.% yttrium addition, 153% and 131% higher, 
respectively, compared to that of the as-received 
AA2024. The highest elongation achieved was 
20.9%, which is 104% higher compared to that of 
the as-received AA2024 sample. However, the 
elongation decreased beyond 0.3 wt.% yttrium 
addition. 

(7) From the results, it can be concluded that 
the optimum amount of yttrium addition to AA2024 
matrix is 0.3 wt.%, which can create suitable 
conditions for the strengthening mechanisms to 
achieve the highest mechanical properties. 
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摘  要：研究钇和人工时效对 AA2024 的影响。样品在 190 °C 人工时效 1~10 h，时效时间间隔为 1 h。采用扫描

电子显微镜和 X 射线衍射对样品进行表征，利用维氏硬度试验机和万能试验机对样品进行硬度和拉伸强度等力学

性能测试。显微组织显示，添加钇能够细化 α(Al)基体，并形成汉字形状的 Al−Cu−Y 金属间化合物强化相。与母

材相比，添加钇的试样具有更好的力学性能。添加 0.3%钇(质量分数)的样品表现出最高的力学性能，其硬度为 66 

HV、极限抗拉强度(UTS)为 223 MPa、屈服强度(YS)为 180 MPa、伸长率为 20.9%。人工时效样品表明，在 190 °C

时效 5 h 内，所有样品均出现峰值硬化，且均有 Al2Cu 析出。随着时效的延长，汉字形状的金属间化合物逐渐演

变为纤维状。AA2024 中钇的最佳添加量为 0.3%(质量分数)。 

关键词：钇；人工时效；力学性能；多级搅拌铸造；析出；显微组织表征 
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