
1 
 

   

Effects of annealing on aluminum alloy 

Quentin Battesti 

Laboratoire de matériaux Arts et Métiers ParisTech, 8 Boulevard Louis XIV, 59046 Lille, France 

Available 11 December 2016 
 

 
Abstract 

     Uniaxial tensile tests were carried out on two different samples of aluminum. One was raw, and the other was heat-treated. 

The objective was to mechanically characterize the two samples to observe the impact of the annealing on the mechanical 

properties of the material. The yield stress at 0.2% plastic strain, the tensile strength, and the ultimate tensile strength have 

been determined. The relation between stress and deformation, also known as Hooke’s law, permits to determine the Young’s 

modulus of the material when it is in its linear deformation domain. On the rational diagram, in the field of homogeneous plastic 

deformations, it has been verified that the mechanical behavior of material follows the Hollomon’s law 𝜎 = 𝑘. 𝜀𝑛 where n is the 

work hardening exponent. 
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Résumé 

     Des tests de traction uniaxiaux ont été réalisés sur deux échantillons d’aluminium. L’un était brut, l’autre avait été traité 

thermiquement. L’objectif était de caractériser mécaniquement ces deux échantillons afin de voir l’impact du traitement 

thermique sur les propriétés mécaniques du matériau. La limite d’élasticité à 0,2% de déformation plastique, la résistance 

mécanique à la traction, ainsi que le taux d’allongement à la rupture ont été déterminés. La relation entre contrainte et 

déformation, nommée Loi de Hooke, permet de déterminer le module d’Young du matériau dans le domaine de déformation 

élastique linéaire. Sur le diagramme rationnel, dans le domaine des déformations plastiques homogènes, le comportement 

mécanique du matériau suit la loi de Hollomon 𝜎 = 𝑘. 𝜀𝑛 où n est le coefficient d’écrouissage. 
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1.  Nomenclature 

The notations that will be used in the rest of the document 

are presented below: 

     𝑙0  Effective length of the sample (mm) 

     𝑆0  Effective cross section of the sample (mm²) 

     𝐹   Effort (N) 

     𝑙    Length of the sample (mm) 

     𝑆    Cross section of the sample (mm²) 

   ∆𝐿   Elongation (mm) 

    𝐴% Elongation at brake (%) 

     𝜎𝑒  Yield strength (Pa) 

     𝑒   Nominal strain 

     𝑅   Nominal stress (Pa) 

     𝜀   True strain 

     𝜎   True stress (Pa)  

     𝑛   Strain hardening exposant 

     𝐸   Young’s modulus (Pa) 

     𝑅𝑚 Ultimate tensile strength (Pa) 

 

 

 

 

     

2.  Introduction 

     Uniaxial tensile test is one of the most commonly used 

tests for the mechanical characterization of materials. 

Being purely uniaxial, at least until there is no necking, it 

allows to overcome of inverse calculation methods to 

directly obtain a uniaxial behavior law. It allows to 

determine many material properties, as ultimate tensile 

strength, yield strength, Young’s modulus, etc. that are 

required in structural calculations [1]. 

    The principal objective of this paper is to compare the 

results of two uniaxial tensile tests that have been done on 

two different samples of aluminum, one raw and the other 

heat-treated, in order to characterize the effects of the heat 

treatment on the mechanical behavior of aluminum.  

    The general types of heat treatments applied to 

aluminum and its alloys are:  

    Preheating to reduce chemical segregation of cast 

structures and to improve their workability. 

    Annealing, to soften strain-hardened (work-hardened) 

and heat treated alloy structures, to relieve stresses, and 

to stabilize properties and dimensions. 
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    Solution heat treatments to improve mechanical 

properties. 

    Precipitation heat treatments to provide hardening by 

precipitation of constituents [2]. 

    The heat treatment that will be studied is the annealing 

and more particularly, the effects of annealing on 

aluminum.  

    There exist an optimum annealing temperature and time 

for achieving a suitable formability and bonding strength 

between the clad layer and base metal. At this annealing 

time and temperature, the brittle intermetallic layer at the 

intimate interface of the layers is minimized [3]. 

    It has been observed that the cold rolling has a 

significant effect on the increase in the yield strength and 

lowering the ductility of the alloy. It was also observed that 

the cold rolled samples, annealed at 275 °C showed lower 

total elongation in the transverse direction, while for 

samples annealed at high temperatures the total 

elongation values were observed to be high. In general it is 

also observed that formability (UTS/σy) of cold worked and 

annealed samples were high when compared to cold 

worked samples [4]. 

    It has been observed that the modulus of elasticity, also 

known as Young’s modulus, is constant at a very-low-

temperature range (300 K <T< 350 K) but rapidly 

increases with increasing temperature, approaching a 

maximum plateau at approximately 240 GPa above 500 K 

(227 °C) [5]. 

    Let’s define some mechanical characteristics as 

hardness, stiffness, and ductility which will be used in this 

scientific paper. 

     Hardness is a measure of how resistant solid 

matter is to various kinds of permanent shape 

change when a compressive force is applied. 

Some materials, such as metal, are harder than 

others. It is obtained via the elastic limit. 

 

     Stiffness is the rigidity of an object — the 

extent to which it resists deformation in response 

to an applied force. It is obtained via the Young’s 

modulus. 

 

     Ductility is a solid material's ability to deform 

under tensile stress; this is often characterized 

by the material's ability to be stretched into a 

wire. It is obtained via the elongation at brake. 

We define the nominal stress and the nominal stress e that 

can be calculated with the relations (2) and (3): 

𝑅 =
𝐹

𝑆0
                                                                                     (2) 

𝑒 =
∆𝐿

𝑙0
                                                                                    (3) 

 

We also define the true stress σ and the engineering strain 

ε that can be calculated with the relations (4) and (5): 

 

𝜀 = ln(𝑒 + 1)                                                                        (4) 

𝜎 = 𝑅 × (𝑒 + 1)                                                                    (5) 

The demonstration of these two relations could be found in 

the annex at the end of the paper. 

We can define the Hooke’s law that is given in the Eq. (6): 

𝑅 = 𝐸 × 𝑒                                                               (6) 

where E is the Young’s modulus. 

We can define the Hollomon’s law that is given in the Eq. 

(7): 

𝜎 = 𝑘. 𝜀𝑛                                                                 (7) 

Where k is a constant and n is the work hardening 

exponent. 

3.  Experimental  

    The two samples that were used for the tensile tests 

were two plates of aluminum shipped by MDS (Billy-

Berclau). One of these two samples was made of raw 

aluminum whereas the other was annealed at 545°C 

during two hours, with dimensions of 199x38.6x1 𝑚𝑚3 for 

the raw one, and 208.3x36x1 𝑚𝑚3 for the annealed one.  

    The capture of the measure is realized with a universal 

testing machine for tensile, compression and bending 

tests: Instron 3382. 

The machine that was used is presented on the Fig. 1. 

 

            Fig. 1. Universal testing machine Instron 3382. 
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   Before the tests, the samples were precisely placed 

between the jaws to know precisely which part of the 

materials were put in tension. 

    We used the Eq. (1): 

𝑙0 = 𝐾. √𝑆0                                                                     (1) 

where K is a coefficient that was chosen by us, to be sure 

that the effective length of the sample reasonable in front 

of the cross section of the sample. 

    For this case, we chose K = 15 for practical reasons, to 

have a great effective length. 

    So we obtained: 

 𝑙0𝑟𝑎𝑤
= 𝐾. √𝑆0𝑟𝑎𝑤

= 15 . √38.6 × 1 =  93.2 𝑚𝑚 

𝑙0𝑎𝑛𝑛𝑒𝑎𝑙𝑒𝑑
= 𝐾. √𝑆0𝑎𝑛𝑛𝑒𝑎𝑙𝑒𝑑

= 15 . √36 × 1 =  90 𝑚𝑚 

    The universal testing machine applied the effort on the 

sample by translating the upper jaw to the top, at an 

average speed of 3 cm/min, and force and displacement 

were continuously recorded on the computer during the 

tests. 

4.  Results and discussion 

    To characterize the behavior of the two aluminum 

samples, the stress-strain curves could be plotted. 

    The test provides the values of the elongation 

 ∆𝐿 = 𝑙(𝑡) − 𝑙0 and of the effort applied by the machine.  

    So the effort-elongation curves were plotted first.  

    These curves are presented on the Fig. 2 (a) and (b) for 

the raw sample and the annealed one respectively. 

   

 

Fig. 2. a) Effort-elongation curve for the raw aluminum sample, b) 

Effort-elongation curve for the annealed aluminum sample. 

    The nominal stress-strain curve can also be plotted. 

    For that, the nominal stress R and the nominal strain e 

were defined in the introduction, and can be calculated 

with the relations (2) and (3). 

    The curves are plotted on the Fig. 3. (a) and (b). 

 

 

Fig. 3. a) Nominal stress-strain curve for the raw aluminum sample, 

b) Nominal stress-strain curve for the annealed aluminum sample. 

    The true stress-strain curve can also be plotted.  

    For that, the true stress σ and the engineering strain ε 

were defined in the introduction and can be calculated with 

the relations (4) and (5). 

    The curves are plotted on the Fig. 4. (a) and (b). 

 

 

Fig. 4. a) True stress-strain curve for the raw aluminum sample, b) 

True stress-strain curve for the annealed aluminum sample. 

a) 
a) 

a) 

b) 

b) 

b) 
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    The first property that we can deduct from the nominal 

stress-strain curves is the Young’s modulus which 

characterizes the rigidity of the material that was tested, 

using the Hooke’s law that is given in the Eq. (6) presented 

in the introduction. 

  That means that the Young’s modulus of the samples can 

be determined by evaluating the slope of the tangent to the 

curve at the origin according to the figure 5. 

 

Fig. 5. Young’s modulus is the slope of the tangent to the curve at the origin. 

    Results are presented in the Tab. (1). 

 
Raw 

aluminum 

Heat-
treated 

aluminum 

Pure 
aluminum 

Young’s 
modulus 

(GPa) 
15.9 12.4 69 

Tab. 1. Aluminum Young’s modulus. 

    The huge difference between the theoretical value and 

the experimental values could found an explanation in the 

fact that the machine measures the relative variation of 

length between the upper jaw and the frame machine 

instead of the real elongation of the sample. The results of 

elongation that are given are distorted, the elongation 

provided is the real elongation plus another term that is 

relative to the elastic deformation of the machine. 

    To obtain a better value of the Young’s modulus, strain 

gauge could be used to only measure the real elongation. 

    Now the elastic limit at 0.2% of elongation also known 

as offset yield point will be deduced. This value 

characterizes the hardness of the material. It defines a 

conventional domain of reversibility delimited between 

elastic and plastic regions. When a yield point is not easily 

defined based on the shape of the stress-strain curve an 

offset yield point is arbitrarily defined. The value for this is 

commonly set at 0.1 or 0.2% plastic strain. The elastic limit 

at 0.2% of elongation is obtained by drawing parallel to the 

linear elastic portion of the curve and intersecting the 

abscissa at 0.2%. The intersection of the curve and this 

parallel is the elastic limit at 0.2% of elongation. 

   The method is illustrated on the figure 6.  

 

 

 

   Fig. 6. Obtainment of elastic limit at 0.2 % of elongation. 

 Results are presented in the Tab. (2) and were obtained 

by following this method. 

 
Raw 

aluminum 
Heat-treated 

aluminum 

Elastic limit at 0.2% of 
elongation (MPa) 

72 33 

Tab. 2. Aluminum’s elastic limit at 0.2% of elongation. 

    The results show that the sample of raw aluminum is 

harder than the heat treated one, so the heat treatment 

decreases the hardness of aluminum. 

    The ultimate tensile strength is the maximum stress that 

a material can withstand while being stretched or pulled 

before failing or breaking. Tensile strength is distinct from 

compressive strength. Some materials break sharply, 

without plastic deformation, in what is called a brittle 

failure. Others, which are more ductile, including most 

metals, experience some plastic deformation and possibly 

necking before fracture. It characterizes the resistance of a 

material that is subjected to a tensile test. 

    It is directly obtained by reading the higher value of the 

stress on the nominal stress-strain. 

   

 
Raw 

aluminum 

Heat-
treated 

aluminum 

Pure 
aluminum 

Ultimate 
tensile 

strength 
(MPa) 

73 84 125-300 

Tab. 3. Aluminum’s ultimate tensile strength. 

    It can be observed that the heat-treatment increases the 

aluminum’s ultimate tensile strength. 

    Elongation at break, also known as fracture strain, is the 

ratio between final length and initial length after breaking of 

the test specimen. It expresses the capability of a material 

to resist changes of shape without crack formation. 

    Results are presented in the Tab. (4). 

 
Raw 

aluminum 

Heat-
treated 

aluminum 

Pure 
aluminum 

Elongation 
at break 

(%) 
10.5 58 Around 20 

Tab. 4. Aluminum’s elongation at break. 

e 

R 

Elastic limit at 0.2% of elongation 

Parallel to the linear elastic portion 

of the curve 

e 
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    It can be observed that the heat-treatment allows the 

material to resist to a more important stress before it 

breaks. The annealing increases the ductility of an 

aluminum sample. 

   Now, to find the strain hardening exponent, we will have 

to use the Hollomon’s law, given in the Eq. (7), in the 

introduction.   atatmen 

    So, by applying the natural logarithm function to the Eq. 

(7), we obtain the Eq. (8): 

ln(𝜎) = ln(𝑘) + 𝑛. ln(𝜀)                                          (8) 

    By plotting ln(𝜎) in function of ln(𝜀) in the field of 

homogeneous plastic deformations, a curve where a linear 

region exists is obtained. By determining the slope of the 

curve on this linear region, the value of n, which is the 

strain hardening exponent of the material, is obtained. 

    We obtain the curves of the Fig. 7. (a) and (b). 

 

 

 

Fig. 7. a) ln(𝜎) = f(ln(𝜀)) curve for the raw aluminum sample, 

with a blue linear approximated curve, b) ln(𝜎) = f(ln(𝜀)) curve 

for the annealed aluminum sample, with a linear approximated 

curve. 

    Results are presented in the Tab. (5). 

 
Raw 

aluminum 

Heat-
treated 

aluminum 

Pure 
aluminum 

Strain 
hardening 
exponent 

0.94 0.39 0.6 - 0.8 

Tab. 5. Aluminum’s strain hardening exponent. 

   It can be observed that the heat treatment reduces the 

strain hardening exponent, and so it reduces the effects of 

the strain hardening. So annealing reduces effect of strain 

hardening on aluminum. 

    𝑅𝑒0.2 values are obtained by analyzing the nominal 

stress-strain curves. 

    Results are presented in the Tab. (6). 

 
Raw 

aluminum 
Heat-treated 

aluminum 

Elastic strain 
when nominal 

stress is 0.2% of 
elasticity limit. 

2.8 4.9 

Tab. 6. Aluminum’s elastic strain when nominal stress is 0.2% of 

elasticity limit.  

    It can be observed that the 𝑅𝑒0.2 value is more important 

for the heat treated sample than for the raw one. It means 

that the heat treated sample is in a more important state of 

deformation than the raw one when it is at 0.2% of its 

elasticity limit. 

5. Conclusion 

    The uniaxial tensile tests that were done have permitted 

to mechanically characterize the two samples to observe 

the impact of the annealing on the mechanical properties 

of the aluminum. It increases aluminum’s ductility and 

reduces its hardness, making it more workable. It involves 

heating a material to above its recrystallization 

temperature, maintaining a suitable temperature, and then 

cooling. In annealing, atoms migrate in the crystal lattice 

and the number of dislocations decreases, leading to the 

change in ductility and hardness. 
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Annex : 

Demonstration of relations (4) and (5): 

 

𝜀 = ln(𝑒 + 1)                                                                        (4) 

𝜎 = 𝑅 × (𝑒 + 1)                                                                   (5) 

 

𝜀 = ∫
𝑑𝑙

𝑙

𝑙(𝑡)

𝑙0

= ln (
𝑙(𝑡)

𝑙0
) = ln (

𝑙(𝑡) − 𝑙0

𝑙0
+ 1) 

⟹ 𝜀 = ln (
∆𝐿

𝑙0
+ 1) = ln(𝑒 + 1) 

 

𝜎 =
𝐹

𝑆(𝑡)
=

𝐹

𝑆0

×
𝑙(𝑡)

𝑙0

=
𝐹

𝑆0

× (
𝑙(𝑡) − 𝑙0

𝑙0

+ 1) = 𝑅 × (𝑒 + 1) 

 


