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ABSTRACT 

Heat treatment is a controlled process which 

is used to alter the microstructure (without 

changing the product shape) of metals and 

alloys such as aluminium to impart properties 

which benefit the working life of a 

component. Heat Treatment is often 

associated with increasing the strength of 

material, but it can also be used to alter 

certain manufacturability objectives such as 

improve machining, improve formability, 

restore ductility after a cold working 

operation etc. Aluminium is corrosion 

resistant in its pure state. Aluminium alloys 

which are light weight and strong do not 

possess the corrosion resistance of pure metal. 

Hence they are treated to prevent 

deterioration. Aluminium alloy’s lightweight 

performance delivers great benefit in 

transport applications such as aerospace, cars 

etc. Although generally more expensive than 

ferrous metal, nonferrous metal and alloys 

have numerous important applications 

because of properties such as high thermal 

conductivity, low density and ease of 

fabrication.  
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1.0 INTRODUCTION 

Aluminium is subjected to internal stresses 

and strains when it is overheated, the 

tendency of the metal to creep under these 

stresses tends to result in delayed distortions. 

For example, the warping or cracking of 

overheated aluminium automobile heads is 

commonly observed [1]. Heat treatment can 

change the material properties in terms of its 

strength and resistance properties. The change 

in microstructure of the material when heat 

treated can influence the mechanical 

properties and the microstructure of the 

aluminium alloy. The aim is to study these 

effects to design products according to 

prevailing conditions to ensure failure free 

operation. 

Precipitation hardening, also called age 

hardening or particle hardening, is a heat 

treatment technique used to increase the yield 

strength of malleable materials, including  

https://en.wikipedia.org/wiki/Heat_treatment
https://en.wikipedia.org/wiki/Heat_treatment
https://en.wikipedia.org/wiki/Malleable
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structural alloys 

of aluminium, magnesium, nickel, titanium, 

and some steels such as stainless steels. 

In super alloys, it is known to cause yield 

strength anomaly providing excellent high-

temperature strength. Precipitation hardening 

relies on changes in solid solubility 

with temperature to produce fine particles of 

an impurity phase, which impede the 

movement of dislocations, or defects in 

a crystal's lattice. Since dislocations are often 

the dominant carriers of plasticity, this serves 

to harden the material. The primary species of 

precipitation strengthening are second phase 

particles. These particles impede the 

movement of dislocations throughout the 

lattice. It can be determined whether or not 

second phase particles will precipitate into 

solution from the solidus line on the phase 

diagram for the particles. Physically, this 

strengthening effect can be attributed both to 

size and modulus effects, and to interfacial or 

surface energy. During this operation 

precipitation of soluble constituents from 

super saturated solid solution takes place and 

the strength of material increases often by a 

series of peaks until a maximum is reached. 

The sub microscopic particles that are 

precipitated provide locks and keys within the 

grain structure that resists internal slippage 

and distortion when a load of any type is 

applied. In this manner strength and hardness 

of alloy are increased. The material suffers 

considerable decrease in ductility. 

Precipitation from supersaturated solution 

starts soon after quenching with 90% of 

maximum strength generally being obtained 

in 24 hours. 

Al-Cu pistons used in internal combustion 

engines suffer the problem of deformation 

during operation due to yielding. So if the 

highest temperature is known  for the Otto 

and Diesel cycle arrangements deformation 

can be avoided by quenching the alloy with 

Brine solution, Water, Alcohol, or Air 

depending on the ultimate tensile strength and 

yield strength required at that point of time. 

This work is done at 450oC and can be carried 

out at higher temperatures to study the effect 

of precipitate growth on mechanical 

properties and microstructure of Al alloys. 

2.0 MATERIAL & METHOD 

The 6061 aluminium alloy used in the present 

work and composition of 6061 aluminium is   

given in table 1[2].  

https://en.wikipedia.org/wiki/Aluminium
https://en.wikipedia.org/wiki/Magnesium
https://en.wikipedia.org/wiki/Nickel
https://en.wikipedia.org/wiki/Titanium
https://en.wikipedia.org/wiki/Stainless_steel
https://en.wikipedia.org/wiki/Superalloys
https://en.wikipedia.org/wiki/Yield_strength_anomaly
https://en.wikipedia.org/wiki/Yield_strength_anomaly
https://en.wikipedia.org/wiki/Solubility
https://en.wikipedia.org/wiki/Temperature
https://en.wikipedia.org/wiki/Phase_(matter)
https://en.wikipedia.org/wiki/Dislocation
https://en.wikipedia.org/wiki/Crystal
https://en.wikipedia.org/wiki/Crystal_structure
https://en.wikipedia.org/wiki/Plasticity_(physics)
https://en.wikipedia.org/w/index.php?title=Second_phase_particles&action=edit&redlink=1
https://en.wikipedia.org/w/index.php?title=Second_phase_particles&action=edit&redlink=1
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Table 1: Chemical composition of aluminium alloy used (wt %) 

Material Mg  Mn Fe Si Cu Zn Ti Cr Others Al 

Al alloy 1.12 1.12 0.97 0.96 0.31 0.26 0.14 0.04 <0.05 remaining 

For this work brine solution, alcohol, distilled 

water and air are use as a quenching medium 

at initial temperature and humidity of all 

medium was taken 36.8oC and 67%.  

For the precipitation-hardening process the 

alloy is heated above the solvus temperature 

and soaked them until a homogeneous solid 

solution (α) is produced. Quenching is the 

second step where the solid α is rapidly 

cooled forming a supersaturated solid solution 

of αss which contains excess elements and is 

not an equilibrium structure. The atoms do 

not have time to diffuse to potential 

nucleation sites and thus θ precipitates do not 

form. Aging is the third step where the 

supersaturated α, αss, is heated below the 

solvus temperature to produce a finely 

dispersed precipitate[3]. 

The etchant used is Keller’s Etchant with a 

composition of 190 ml Distilled water, 5 ml 

Nitric Acid, 3 ml Hydrochloric acid and 2 ml 

Hydrogen Fluoride[4]. Etching is traditionally 

the process of using strong acid to cut into the 

unprotected parts of the metal to create a 

design incised into the metal and help in 

revealing the grain boundaries when viewed 

under microscope. All the components of 

Keller’s Etchant are rotated by the aid of 

Magnetic stirrer for uniform mixing. 

If an aluminium alloy is slowly cooled from 

an elevated temperature, alloying elements 

precipitate and diffuse from solid solution to 

concentrate at the grain boundaries, small 

voids, on undissolved particles, at 

dislocations, and other imperfections in the 

aluminium lattice. For optimal properties, it is 

desirable to retard this diffusion process and 

maintain the alloying elements in solid 

solution. This is done by quenching from the 

solution temperature [4]. Microstructure is 

evaluated using optical microscope at 10x, 

20x, 50x and 100x. 

3.0 RESULTS 

3.1 Microstructure 

Dislocation’s movement is critical in 

determining the hardness and strength of 

alloys. If the dislocation moves without 

facing any barrier along its path the alloy will 

have low hardness and strength as the alloy 

will experience deformation even at low 

loads[5]. The size of the precipitates has 

influence on the mechanical properties. 

Smaller precipitates have less distance 

between them and hence provide less space to 
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the dislocation movement whereas larger 

precipitates having more distance allow more 

space for dislocation movement and hence 

lesser hardness and strength [6]. If all 

specimen prepared of different cooling 

conditions are compared at 10x resolutions as 

shown Figure1(a-d) it is observed that 

maximum precipitation has occurred in brine 

solution quenched specimen as the rate of 

cooling is highest, with very small 

precipitates and least in furnace quenched 

specimen with precipitates being large. That’s 

why Brine solution quenched medium shows 

highest hardness and strength and furnace 

quenched medium the least, as observable 

from Hardness results also as given in Table 

2. 

 

         Figure 1: Microstructure evaluation at 10x resolution of Al alloy sample quenched in (a) 

Brine solution (b) Water (c) Alcohol (d) Air  

3.2 Hardness 

 

Rockwell hardness is evaluated for 

Aluminium Copper alloy. The scale is set at B 

and 1/16” ball indenter is used for indenting 
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into the surface of alloy. Maximum hardness 

is observed maximum in case of brine 

solution and minimum in case of air which is 

analogous to the theory. 

Table 2: Hardness 

Quenching 

medium 
Mean value Standard deviation 

Number of 

observations 

Hardness Value 

(HRB) 

Brine solution 73.71 1.11 20 73.71+1.11 

Water 68.15 0.91 20 68.15+ 0.91 

Alcohol 62.37 0.72 20 62.37+ 0.72 

Air 59.44 0.52 20 59.44+ 0.52 

 

Maximum hardness is obtained in case of 

brine solution as the rate of cooling is highest 

for it. The numbers of precipitates formed are 

large in number so they provide locks and 

keys that hinder the movement of distorting 

and hence increasing the hardness. Water 

quenching provides resistance to corrosion 

and second fastest rate after Brine solution. 

Alcohol (Methanol) is classed as an 

intermediate quench. It has a slower cooling 

rate than brine solution or water and a faster 

rate than air and shows lower hardness than 

both brine solution and water due to less 

number of precipitates being formed and that 

too with more distance from one other. This 

allows more movement space to distortion 

and hence less hardness is obtained in this 

case. Specimen kept in air experiences least 

rate of cooling and thus bigger precipitates is 

formed as shown in figure 2 (a-d) and lowest 

hardness is obtained in this case. 

The distribution of precipitates also affects 

the hardness and yield strength. The hardness 

and yield strength are greater when the 

precipitates are small and finely dispersed in 

matrix (as seen from all 50x resolutions 

Figure 5.3(a-d) than when the precipitates are 

large and not finely scattered. Therefore, to 

gain hardness, the specimen should be heat 

treated to produce a fine dispersion of small 

precipitates as in case of brine solution [7]. 
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Figure 2: Microstructure evaluation at 20x resolution of Al alloy sample quenched in (a) Brine 

solution (b) Water (c) Alcohol (d) Air 
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Figure 3: Microstructure evaluation at 50x resolution of Al alloy sample quenched in (a) Brine 

solution (b) Water (c) Alcohol (d) Air 

3.3 Tensile Test 

  All the tensile tests were conducted on 

25 kN servo hydraulic universal testing 

machine (model AMT-SC) at 5mm/min 

crosshead speed. From the table 3 it is clearly 

visible that maximum ultimate strength is 

taken by water and minimum by brine 

quenched specimen. 

With grain refinement, more and more grains 

that are nearby are turned to have a different 

orientation. This makes it difficult for a 

dislocation to cross between grains, and travel 

and accumulate. Accumulation of dislocations 

is precursors to crack initiation and failure. 

Grain refinement introduces more and more 

grains boundaries and this halts the movement 

of dislocations thereby delaying failure and 
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improving the strength of a material. This 

phenomenon works up to a certain grain size 

below or above which the strength starts to 

drop with further alteration in grain size as 

observable from  ultimate tensile strength 

(Table 3), toughness (Table 4) and Stress 

versus Strain graph of all specimen (Figure 

4). That’s why from brine solution to water 

the Ultimate Tensile Strength is increasing 

but after that it is decreasing as visible from 

Table 3. 

Table 3: Ultimate Tensile Strength 

S.No Quenching Medium Ultimate Tensile Strength,(MPa) 

1 BRINE SOLUTION 121.25 

2 WATER 180.75 

3 ALCOHOL 155.13 

5 AIR 134.50 

 

Hall Petch equation interpretation: 

𝜎0 = 𝜎𝑖 +
𝑘
√𝐷
⁄   

Above equation indicates that the strength of 

a metal is equal to the frictional stress (𝜎𝑖) 

plus a factor (k) times the inverse of the 

square root of the grain size (D). Reducing 

the grain size will cause the material to 

become stronger [8]. 

If scales pertaining to 50x resolutions are read 

it is clearly visible in Figure 3(a-d) that grain 

size is minimum for Brine solution and 

maximum for air. Then according to this 

equation highest tensile stress must come in 

Brine solution and lowest in furnace where 

water and methanol are at second and third 

places respectively. This is also verified when 

UTM test is performed on the heat treated 

samples [9].  

3.4 Toughness Test 

The impact strength of any substance is 

firmed with an Izod or Charpy impact test 

named after their inventors and were initially 

developed in the early 1900’s. The primary 

difference these tests is that the Charpy test 

uses a simply supported beam while the Izod 

uses a cantilever beam. The Izod impact test 

deals with the energy required to fracture a 

notched sample. The sample smacks with a 

weighted pendulum hammer of known kinetic 

energy and by determining the energy 

vanished by this hammer, a relative capacity 

of material’s toughness can be firmed. The 

ambient temperature at the testing time was 
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28°C accompanied by a relative humidity 

(RH) of 49%. Standard specimen geometry as 

specified by the ISO 180:2000 standard  

Table 4: Toughness  

Quenching Medium Toughness(J) Angle(Degrees) Toughness/area of 

cross section(J/mm2) 

Brine solution 8.852 48.0 221380.26 

Water 8.500 52.0 213784.97 

Alcohol 8.317 54.8 207930.24 

Air 8.282 47.6 2204772.5 

 

From the Microstructure analysis it is quite 

clear that the grain refinement is maximum 

for brine solution due to highest cooling rate 

and lowest for furnace and therefore brine 

solution has the highest tendency to resist any 

deformation due to its high energy absorbing 

capacity before fracture (High Toughness) as 

the dislocation will have to change its 

orientation again and again to pass out 

through a grain and also a larger grain area to 

pass before fracture , which eventually 

diminishes the effect of crack initiation. 

Another factor that can counter the effect of 

grain refinement is the brittle behaviour of 

small sized grains. Coarse grains have larger 

grain boundary than fine grains and hence due 

to sliding of grain boundaries ductility is 

more in case of these grains and for more 

ductility as the abscissa of the figure 

increases, area under the graph increases 

which can lead to increased toughness for the 

material which is getting deformed more 

(Alcohol (25.54 mm)>Air (23.62 mm)>Brine 

solution (20.86 mm)>Water (20.51 mm)). 

But here the effect of grain refinement being 

more, the order Brine 

solution>Water>Alcohol>Air is followed 

which is clearly visible from Ultimate 

Tensile. 

4.0 CONCLUSIONS 

Materials can be hardened by inhibiting the 

motion of crystal defects called dislocations. 

In pure metals, the presence of defects (such 

as vacancies, interstitials, dislocations and 

grain boundaries) can enhance the strength. In 

two-phase alloys, additional stress is needed 

to enable the dislocation to intersect the 

second-phase particles. A finely dispersed 

precipitate may, therefore, strengthen the 



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13 Number 9 (2017) pp. 169-179 

© Research India Publications.  http://www.ripublication.com 

  

 

178 

material. This phenomenon is termed 

precipitation hardening. 

The distribution of precipitates affects the 

hardness, yield strength, ultimate tensile 

strength and toughness. The hardness and 

yield strength are greater when the 

precipitates are small and finely dispersed in 

α matrix than when the precipitates are large 

and not finely scattered. Therefore, to gain 

hardness, the specimen should be heat treated 

to produce a fine dispersion of small 

precipitates. It has been found that rapid 

solidification process and heat treatment 

eliminate the formation of micro segregation, 

and significantly improved some mechanical 

properties. Grain Refinement plays a 

significant role in predicting the ultimate 

tensile strength of heat treated Al alloy. Finer 

grains accumulate during grain refinement 

and impede the movement of dislocation by 

introducing several grain boundaries to the 

dislocation due to which it has to change its 

orientation every time it passes through the 

new grain and also the grain area the 

dislocation has to trod is more for fine grain 

arrangement due to which its effect is 

considerably reduced and the amount of 

energy to produce the required deformation 

also increases. 
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