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ABSTRACT 
Commercially available aluminum - copper – magnesium alloys (Ly-12 and 2024-O) containing up to 
4.5% copper and 1.5% magnesium has potential applications in aircraft and aero-space industry. These 
two alloys whose composition was close to the alloy actually used in aircraft structure were compared 
with reference to their mechanical properties and microstructure. Also comparison was made with 
selected conventional aluminum-base alloys, which are intended to be replaced by these alloys. 
Comparison of Ly-12 and 2024-O is made on the basis of their mechanical properties. Measured 
mechanical properties were found related to microstructures present in these alloys. Variation of 
microstructure was created by heat treatment of these alloys at different temperatures and by using 
different quenching media. Mechanical properties including Load at Break, Elongation at Break, Load at 
Peak, Stress at Peak, Young Modulus and Elongation at Yield were all measured using Universal Testing 
Machine. Hardness was measured with Brinell Hardness Tester. Electrical conductivity was also recorded 
for specimens. The mechanical test data gave information about their Yield Strength, Tensile Strength, 
Elongation, Ductility and hardness. Microstructures measured gave information of their grain size and 
were determined by using scanning electron microscope equipped with EDX. 
 
INTRODUCTION 
There are two groups of aluminum alloys namely 
non-heat treatable and heat treatable alloys. The 
initial strength of a non-heat treatable alloy 
depends upon the hardening effect of elements 
such as manganese, silicon, iron and 
magnesium as a single element or in various 
combinations. Such alloys are designated in the 
form 1xxx, 4xxx and 5xxx series. On the other 
hand, in the heat treatable alloys the initial 
strength is enhanced by the addition of alloying 
elements such as copper, magnesium, zinc, 
manganese and silicon. Since these elements in 
different compositions show increasing solubility 
in aluminum with increasing temperature, it is 
possible to subject them to heat treatment which 
will produce pronounce strength. The heat 
treatment processes include solution heat 
treatment, quenching or aging. By proper 
combination of solution treatment, quenching 
and precipitation, the highest strength and 
proper ductility can be achieved. 
 
In aircraft / aerospace design, the main impetus 
is given to a material, which has high strength 
and low weight density so that the mass of the 
structural portion of vehicle can be reduced. In 
other words the desire is to maximize the 
payload mass for a given total mass of the 
vehicle. The airframe mass is typically 70 to 80 
percent of the total aircraft mass 1. Large aircraft 

manufacturers conducted an analysis in 1970 
decade and the conclusion was drawn that for 
the better benefits to achieve, new structural 
materials have to be fabricated which should 
have: 
(i) the same strength and related mechanical 

properties as conventional aluminum alloys 
(ii) lower mass density. 
 
This will give the designer new options to design 
new structures for aircrafts for all practical 
purposes. The goal of these new efforts was to 
develop lower density (lower than conventional 
Al-alloys) composition at the ingot stage and to 
give mechanical properties equal to those of 
conventional alloys. These new alloys with 
desired properties can be processed using the 
existing equipment used for the fabrication of 
conventional alloys. Addition of only copper 
increases the strength of the alloy but at the cost 
of reduction in ductility, an important factor in 
materials use. Al-Cu-Mg alloys come in the 
series of precipitation harden able alloys. Alloy 
2017 with composition 4% Cu, 0.5% Mg, 0.8% 
Mn and 0.8% Si were the most popular Al-Cu-
Mg alloy used in aircraft industry. Of course 
composition is one factor for the strength and 
feasibility of its use. The other factors are 
artificial strengthening by heat treatment and 
cold working of the material before its use.  
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Table 1: 
Constituents of some commercial Al-Cu-Mg alloys (After Smith 1993) 
S.No Alloy %Cu %Mg %Mn %Si %Ni % others 
1 2014 4.4 0.5 0.8 0.8 ---- ----- 
2 2017 4.0 0.6 0.7 0.5 ---- ----- 
3 2018 4.0 0.7 ---- ---- 2.0 ----- 
4 2024 4.4 1.5 0.6 ---- ---- ----- 
5 2218 4.0 1.5 ---- ---- 2.0 ------ 
6 2618 2.3 1.6 ---- 0.18 1.0 1.1 Fe; 0.07 Ti 
 
A new alloy with composition 4.5%Cu, 1.5% Mg 
and0.6%Mn was originally developed as a 
higher strength naturally aging structural aircraft 
alloy to replace 2017. Increasing the magnesium 
contents from 0.5 % to 1.5% attained the 
increase in strength. Table 1 below gives the 
chemical composition of some important Al-Mg-
Cu alloys used in aerospace industry 2. 
 
MATERIALS AND METHODS 
Aluminum based alloy sheets of LY-12 and 
2024-O containing 4.5% Cu, 1.5% Mg were 
obtained from the user. These alloys have lower 
density and high strength and as a result are 
used in many segments of missile, space craft 
industry and for manufacturing of airframe 
structures3 The ingots of these alloys were 
prepared by mixing in the ratio given in table 2 
and were melted together in inert gas 
atmosphere. The work hardening was carried 
out through cold rolling, which reduces the area 
by about 75%, and as a result the material with 
increased tensile strength and high hardness 
was obtained4. In order to introduce certain 
desirable properties, the material was heat 
treated. Heat treatment is an operation or a 
combination of operations involving heating and 
cooling of alloy in solid state for obtaining certain 
required properties5. By heat treatment we can 
introduce certain microstructures in the 
materials, which as a result changes mechanical 
and other properties6. The material samples 
used for micro structural examination were heat 
treated for 30 minutes each at 400 and 500°C in 
salt bath furnace. They were quenched in air 
and water. 
 
For measurement of mechanical properties, 
Universal Testing Machine (UTM) (Testometric 
100KN) available at the Centralized Resource 
Laboratory 8 was used. These tests were aimed 
to determine yield strength, ultimate and failure 
strength, stiffness and ductility. Materials 
samples were tested for various reasons 7. Test 
specimens categorized as “as received”, “heat-
treated and air-cooled” and heat-treated and 

water quenched” were prepared for testing done 
on UTM using CNC Machines. These CNC 
machines are precision machines, which do not 
introduce any change in a sample (strain etc) 
while cutting it. The samples dimensions 
included a length of 200mm, thickness of 
1mm, width of gauge length as12.2mm, gauge 
length 68mm and parallel gauge length as 
106mm.  
 
For micro-structural studies of the “as received” 
and “heat treated samples”, scanning electron 
microscope (SEM) equipped with energy 
dispersive X-ray analyzer (JEOL, Japan JSM 
5910 microscope INCA 200, x-ray analyzer - 
Oxford Instruments U.K) were used. These and 
other sophisticated equipments, for facilitating 
and conducting collaborative and 
multidisciplinary research, are available in the 
Department of Physics, University of Peshawar. 
A details description of all the available testing 
facilities has been given elsewhere 8. The 
topographic viewing of specimens was done 
with secondary electrons detector and elemental 
analyses were made with x-ray detector. 
 
To investigate the microstructure, samples with 
dimension 7mm x 9mm were cut from the alloy 
sheets of both as received and heat-treated. 
These samples were ground on surface grinder. 
To avoid heating of specimens, water was used 
as a cooling medium and lubricant. This step 
removed the rough surface and any cut mark. 
Rough polishing on progressively finer but wet 
emery papers followed this. Each step was 
carried out thoroughly so that the damage left 
from the previous step was completely removed. 
Rotating the specimen at right angle between 
each step allowed the progress of remaining 
scratches to be clearly seen 9. This step 
consisted of systematically abrading the 
specimen using silicon carbide abrasive paper of 
grit sizes 400, 600, 800, 1000, 1200, 1500 and 
2000. Final polishing to get a scratch free and 
mirror like surface was carried out on revolving 
disc using alumina paste of 0.05 micron particle 
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size sprayed on a wet cloth. The specimen was 
held in manner so that it lightly touched the 
surface without any pressure on it. 
 
The polished specimens were etched to reveal 
the structural characteristics of alloy surface. 
After polishing the specimen, its true surface 
structure will not be visible under the microscope 
because a thin layer of cold worked metal gets 
deposited on the surface. To reveal the true 
structure, the polished specimen had to be 
etched. Small grooves were formed along the 
grain boundaries as a result of etching. Since 
atoms along grain boundary regions are 
chemically more reactive as compared to the 
interior of the grain, they would dissolve at a 
grater rate and thus would leave deeper grooves 
on these regions 10. These grooves become 
discernible when viewed under the microscope. 
 
Different etching reagents are used for different 
metals and their alloys 11 - 12. One etching 
reagent used for aluminum base alloys is called 
Flick Reagent 11. It contains 15 ml hydrochloric 
acid, 10 ml hydrofluoric acid (40%), 90 ml 
distilled water. Another one known as Keller’s 
Reagent is also used 12. It contains 2.5 ml nitric 
acid, 1.5 ml hydrochloric acid, 1 ml hydrofluoric 
Acid (40%) and 95 ml distilled water. 
 
The polished specimens were immersed in 
etching solution for 20 - 30 seconds, washed in 
running water and dried in a heating chamber at 
100°C. The resultant black film formed on the 
specimen surface due to etching was removed 
by dipping the specimen in dilute solution 
containing 15 % nitric acid 13. 
 
RESULTS AND DISCUSSION 

Tensile tests on specimens were performed for 
as “received” and “heat treated  at 400°C and 
500°C” and then either “air cooled” or “water-
quenched”. Actual plots obtained from UTM for 
the two test samples are shown in Figure1 (A & 
B). 
 
 

  
(A) 

 
 (B) 
Figure 1 (A,B): Comparison of test results by UTM 
 
Comparison of test results on sample of both 
alloys as received (A), heat treated (B)  and air 
cooled and heat treated and water quenched are 
are given in Table 2. 
 

Table 2: Comparison of Al-Cu-Mg alloys (Ly-12 and 2024-O) 
S. No. Treatment Load at 

Break (N) 
Elongation at 
Break (mm) 

Load at 
Peak (N) 

Stress at Peak 
(N/mm2) 

Elongation at 
Yield  (mm) 

LY-12 As received) 789.00 10.245 1245.0 124.40 0.6700 
 4000C (Air) 1078.0 15.621 1906.0 190.45 1.3180 
 5000C (Air) 753.0 14.927 2539.0 253.70 6.6580 
 4000C (Water) 1082.0 13.95 1882.0 188.05 7.9760 
 5000C (Water) 1456.0 25.370 2074.0 207.23 2.4970 
2024-O (As received) 608.0 15.865 1388.0 138.69 3.7500 
 4000C (Air) 1449.0 15.007 1956.0 195.44 7.4310 
 5000C (Air) 2390.0 15.593 3159.0 315.65 10.629 
 4000C (Water) 1520.0 15.694 1912.0 191.05 5.3550 
 5000C (Water) 2838.0 21.449 3207.0 320.44 7.2820 
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    (A)         (B) 
Figure 2 (A,B): Comparison of microstructure (a representative) of as received (A) and heat-treated (B) samples of alloy 2024-O.  

 
Table 3: Different mechanical properties in relation to grain size. 

Alloy Type Treatment Stress at Peak 
(N/mm2) 

Elongation at 
Break (mm) 

Young Modulus 
(N/mm2) 

Average Grain 
Size (µm) 

LY-12  (As received) 124.40 10.245 3237.5 3.8 
 4000C (Air) 190.45 15.621 4724.7 3.7 
 5000C (Air) 253.70 14.927 16784.0 2.8 
 4000C (Water) 188.05 13.95 5223.3 3.12 
 5000C (Water) 207.23 25.370 24764.0 2.0 
2024-O  (As received) 138.69 15.865 5154.7 5.0 
 4000C (Air) 195.44 15.007 4014.2 4.8 
 5000C (Air) 315.65 15.593 27548.0 2.07 
 4000C (Water) 191.05 15.694 3970.0 3.9 
 5000C (Water) 320.44 21.449 24008.0 2.4 

 
Table 4: Relationship of mean values of hardness and grain size of as received and heat treated specimens 

Alloy Type Sample Grain Size (µm) Hardness (kg/mm2) Stress at Peak (N/mm2) 
LY-12  As received 3.8 45.8 124.40 
 4000C (Air) 3.7 58.5 190.45 
 5000C (Air) 2.8 77.2 253.70 
 4000C (Water) 3.12 53.2 188.05 
 5000C (Water) 2.0 69.3 207.23 
2024-O  As received 5.0 42.2 138.69 
 4000C (Air) 4.8 52.7 195.44 
 5000C (Air) 2.07 82.2 315.65 
 4000C (Water) 3.9 53.2 191.05 
 5000C (Water) 2.84 67.8 320.44 

 
Table5: Electrical conductivity In relation to grain size and Hardness of as received and heat treated material 

Alloy 
Type 

Treatment Electrical  
Conductivity (S) 

Hardness 
(kg/mm2) 

Average grain 
size (µm) 

LY-12  (As received) 33.8 45.8 3.8 
 4000C (Air) 27.6 58.5 3.7 
 5000C (Air) 22.0 77.2 2.8 
 4000C (Water) 27.0 53.2 3.12 
 5000C (Water) 17.7 69.3 2.0 
2024-O As received 31 42.2 5.0 
 4000C (Air) 26.7 52.7 4.8 
 5000C (Air) 20.6 82.2 2.07 
 4000C (Water) 26.2 53.2 3.9 
 5000C (Water) 17.8 67.8 2.84 
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Measurement of Grain Size 
The polished and etched samples of both the 
alloys were observed under the scanning 
electron microscope. Images were taken using 
secondary electrons imaging detector. The 
samples used were “as received ones”, “heat 
treated” and both air cooled and water 
quenched. The average grain size was 
measured on images of microstructure of etched 
samples as shown in figure 2 (A & B) and the 
Table 3 shows the grain size of as received and 
heat treated samples along-with other data. 
 
Ductility 
Table 3 shows the variation of different 
mechanical properties with the change in grain 
size of as received and heat-treated materials. 
 
Hardness 
The hardness of both the alloys specimens of 
“as received” and “heat treated” was measured 
by Brinell Hardness Tester using polished 
samples. The test results are as shown in Table 
4. 
 
Electrical conductivity 
The electrical conductivity of samples made in 
both the alloys (LY-12 and 2024-O) was 
measured in F-6 Rebuild Factory Kamra, District 
Attock (Pakistan). The test results are as shown in 
Table 5. 
 
The data obtained as shown in tables 2 - 5 
clearly show the agreement in variation of 
material properties and the microstructure 
observed. As seen from Table 2, the load at 
peak, load at break and elongation at yield of all 
the “heat treated” samples was improved as 
compared to the as “received” ones which show 
that improvement in mechanical properties of 
the test alloys might be possible by heat treating 
them in different media. The test treatments 
rendered the alloys stronger but more ductile. It 
was also observed that these processes not only 
increased the tensile strength but had no effect 
to decrease their ductility. It is, therefore, 
concluded that the generally held belief of the 
decrease seen in ductility with an increase in 
tensile strength was not true for these alloys. In 
reality the observed increase in strength was not 
at the expense of their ductility. Our this finding 
confirms the statement of Khalique 1995 who 
observed simil;ar findings that in some materials 
ductility could increase with an increase in their 
tensile strength 14. Generally between the two 

alloys, alloy 2024-O was found better as 
compared to LY-12. 
 
It was also noted that the grain size was 
reduced on heat treatment of both the alloys. 
This might be the result of re-crystallization of 
cold worked materials. During cold working, 
many crystalline defects like dislocations are 
introduced in the materials which are eliminated 
during heat treatment and as a result 
recrystalization of defect free regions is initiated. 
The reduction of grain size might be responsible 
for enhancing the mechanical strength but other 
defect structures like dislocation movement may 
be responsible for the increase in ductility of the 
material. When density of dislocation decreases 
within the grains, dislocation can easily move 
within the gain and this might enhance the 
ductility of the material. 
 
Further as seen from Table 4 & 5, the hardness 
of the material increased with the reduction in 
grain size within the same cooling medium, 
which was achieved by heat treatment. It is 
experimentally observed that material cooled in 
air is harder than that quenched in water. This 
may be because of formation of aluminum 
nitride phase at the surface at elevated 
temperature while cooling in air. More time and 
hence more interaction chances are there for the 
deposition of nitrides on the surface while 
specimens are cooled in air as compared to their 
quenching in water. Surface hardness plays a 
very vital role in utilization of materials. From the 
data in Table 5, it appears that the electrical 
conductivity of a material depends on the grain 
size and a quenching medium that will facilitate 
a decrease in grain size will lead to a decrease 
in its electrical conductivity. 
 
These Al-alloys are used in building the outer 
frames of aircrafts and their surface is always 
exposed to harsh environmental conditions 
specifically when the aircraft is moving at high 
speed. If their surfaces are not hard, surface 
defects can easily be generated in the form of 
scratches. These may be acting as cracks which 
can easily propagate and create a chance of 
failure of material. Further, there occurs a 
change in the temperature and at high altitude, 
the temperature outside the aero-plane is 
dropped to as low as -600C. The material used 
has to be reliable within the range of such 
temperature variation. An aluminum-magnesium 
based alloy is highly useful alloy because it has 
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reduced density but increased strength. These 
are both very important features influencing the 
selection criteria for a material of aerospace 
industrial significance. Further work on such 
materials using transmission electron 
microscopy will help in understanding the 
changes in internal structure of material and 
hence their properties. 
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