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Abstract
Corrosion is one of the most serious problems of the industry 
and causes heavy economic losses. Copper and Copper Alloys 
are widely used in many environments and applications because 
of their excellent corrosion resistance, which is coupled with 
combinations of other desirable properties, such as superior 
electrical and thermal conductivity, ease of fabricating and joining, 
wide range of attainable mechanical properties, and resistance to 
biofouling. An attempt has been made to understand the effect of 
deformation and heat treatment on the corrosion of central rolling 
plane and central normal plane in 17% H2 SO4. The corrosion rate 
of the central rolling plane is observed to be more than that of 
central normal plane but decreased with increasing heat treatment 
in both cases. This can be attributed that the central rolling plane 
is subjected to severe stress that the of central normal plane. SEM 
observations revealed that highly deformed surfaces are observed 
to have been subjected to more pitting corrosion than that of at 
lower  deformations which can be concluded that again that the 
central rolling plane areas were prone to severe corrosion that of 
the normal plane areas.
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I. Introduction
Corrosion is defined as destructions and consequent loss of a 
material either by chemical or electrochemical or metallurgical 
reaction of material with the environment. Worldwide studies have 
shown that the overall cost of corrosion amounts to at least 4–5% 
of the Gross National Product (GNP) and that 20–25% of this cost 
could be avoided by using appropriate corrosion control technology 
(Natesan et al 2006). In general corrosion products exist as a thin 
adherent film which merely stains or tarnishes the metal and may 
act as a retardant to further corrosive action.  In other cases, the 
products of corrosion are bulky and porous in character, offering 
no protection. Corrosion is a complex problem about which a 
great deal of information is known. Despite extensive research 
and experimentation, there is still a lot to learn.  In some cases, 
such as direct chemical attack, corrosion is highly obvious, but in 
other cases, such as inter granular corrosion, it is less obvious but 
just as damaging.  The basic cause of corrosion is the instability 
of metals in their refined forms.  The metals tend to revert to their 
natural states through the processes of corrosion.  

A. Mechanism of Copper Corrosion in Sulphuric Acid 
The corrosion of copper in a naturally aerated solution of 0.5 M 
H2 SO4 proceeds via a catalytic mechanism, in which the oxygen 
reduction occurs predominantly in a chemical reaction, which 
facilitates the process of the reduction of the oxidant; the self-
dissolution of copper is associated mainly with the regeneration of 
Cu+; and the entire process is described by the following reactions 
[1–7]:

Cu Cu+ + e,     (1)
Cu +Cu2++e,     (2)
2 Cu++O2+ 2H+2Cu2++H2O2,   (3)
2Cu++H2O2+ 2H+2Cu2++ 2H2O.   (4)
At low concentrations of Cu2+, these reactions are complemented 
by the reaction
O2+ 2H++ 2eH2O2    (5)
and, possibly, the reaction 
H2O2+ 2H++ 2e2H2O.    (6)
The formation of hydrogen peroxide in solution was established 
by calorimetry [2] and titration [3]. In an immiscible solution, 
the concentration of oxygen nears the metal decreases and that 
of corrosion products, which form via (2)–(6), increases. An 
increase in the concentrations of substances near the metal may 
cause local variations in the electrolyte density, thus giving rise 
to a concentration natural convection. The difference between 
concentrations of substances near the electrode and in the bulk 
solution may be only of the same order as the oxygen concentration 
in the bulk solution

II. Literature Review
Copper corrodes at negligible rates in unpolluted air, water and 
deaerated nonoxidizing acids. Copper alloy artifacts have been 
buried in the earth for thousands of years, and copper roofing in 
rural atmospheres has been found to corrode at rates of less than 
0.4mm (15miles) in 200 years. Copper alloys resist many saline 
solutions, alkaline solutions, and organic chemicals. However, 
copper is susceptible to more rapid attack in oxidizing acids, 
oxidizing heavy – metal salts, sulfur, ammonia (NH3) and some 
sulfur and NH3 compounds. Resistance to acid solution depends 
mainly on the severity of oxidizing conditions in the solution. 
Reaction of copper with sulfur and sulfides to form copper sulfide 
(CuS of Cu2S) usually precludes the use of copper and copper 
alloys in environments known contain certain sulfur species. 
Alloying additions of aluminum, zinc, tin, iron, and nickel are 
used to dope the corrosion product films, and they generally 
reduce corrosion rates significantly. Corrosion protection methods 
have been developed to prevent corrosion of metal and metallic 
equipments either during transport or storage. Among various 
methods available for the protection of metals, the use of volatile 
corrosion inhibits is a most effective and practical method to 
protect copper from corrosion [8]. Inhibition of amino acids for 
copper corrosion in acidic media has also attracted many interests. 
Despite the use of some amino acids, there remains relatively few 
works directed toward the corrosion inhibition effect of other 
amino acids for copper in acidic chloride media [9].Contrary to 
the use of inhibitors, mechanical deformation effects the corrosion 
behaviour of many metals and alloys.  Few works about the 
influence of mechanical deformation on the aqueous corrosion 
behavior of metals and alloys are available [10–28]. Indeed, 
deformation can induce phase transformations and internal stress 
and can affect important microstructural characteristics, such as 
grain size and shape, dislocation density and texture [11-27]. These 
changes are able to modify not only the mechanical properties of 
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the materials, but also their corrosion resistance. However, there 
is not a defined relationship between deformation and corrosion 
behavior because the deformation affects differently the corrosion 
resistance depending on material, plastic strain and environment. 
Barbucci et al. [11] showed that cold-rolling of AISI 301 stainless 
steel leads to a decrease of corrosion resistance in H2SO4 solutions 
but the contribution of each effect (i.e. marten site transformation, 
grain morphology and texture) was not established. The same 
tendency was observed for pure copper in HNO3 solutions [12-13]. 
This behavior was observed by Li and Li [13] for both tensile and 
compressive stresses and was related to the increase of dislocation 
density. Differently, the corrosion rate of AISI 304 stainless steel in 
NaCl solutions was shown to decrease with the increase in degree 
of deformation [14]. The influence of each effect resulting from 
deformation on corrosion resistance was not clarified. Kumar et al. 
[15] determined that the corrosion resistance of AISI 304 stainless 
steel in H2SO4 solutions, decreases with increasing deformation 
at low strain mainly due to marten site formation, but further 
increases for higher strain due to the preferential orientation of 
the high-packing density planes developed. The same trend was 
observed by Yin and Li [12] for pure copper in NaCl solutions and 
by Guo et al. [16] for Ti–23Nb–0.7Ta–2Zr–2O alloy in Ringer’s 
solution. In the latter work the lower corrosion resistance of Ti 
alloy at low deformation level was attributed to internal strain 
and the higher corrosion resistance at high deformation level to 
the texturization of the alloy which compensates the negative 
effect of internal strain. Berezovskaya et al. [17] studied the 
effect of both cold plastic deformation and aging treatment on 
the structure and corrosion resistance of a high nitrogen content 
austenitic steel. The authors showed that an 11% deformation 
followed by aging at 350 0C increased the corrosion resistance 
by 2.5 times, whereas a 20% deformation after aging at 3500 C 
decreased the corrosion resistance by 10 times. These opposite 
behaviors were attributed to differential phase transformations 
during deformation and heat treatment. Silva et al. [23] showed 
that cold deformation increased the mechanical resistance of 
301 and 316 stainless steels but increased their susceptibility 
to localized corrosion, such as pitting. The relation between 
microstructure and corrosion behavior of magnesium alloys after 
very severe plastic deformation (equal channel angular extrusion) 
was investigated by Ben-Hamu et al. [19]. ECAE technique is 
an interesting method in order to obtain nanocrystalline grain 
structure that enhances the mechanical properties, but can affect 
negatively the corrosion resistance. The corrosion behavior of 
the highly deformed magnesium alloy was shown to depend on 
both grain size and dislocation density. Harandi et al. [22] studied 
the corrosion behavior of forged magnesium–calcium alloy for 
biomaterial applications and observed that despite forging process 
can improve the mechanical properties of the alloy, it does not 
satisfy the corrosion resistance criteria required for bone healing. 
The effect of deformation on corrosion behavior of coated alloys 
has also been studied. Zhang et al. [18] showed that the corrosion 
resistance of electrolytic chromium-coated steel decreased with 
strain and attributed this behavior to the introduction of local defects 
in the coating. Lu et al. [29] investigated effects of deformation 
on corrosion of austenitic, ferriticc and duplex stainless steels; 
they demonstrated that corrosion rates of the materials increased 
with load or deformation. While Montero-Ocampo and Veleva 
[30] reported that compressive deformation led to significant 
improvement in the corrosion resistance of carbon steel. However, 
how the deformation affects the corrosion rate, especially the 
mechanism involved, is still unclear. Results reported in literature 

are not always consistent. There are different ways for forming 
metals and alloys depending on the shape of the final product 
[28]. 
As an example, upsetting, a uni axial compressive deformation 
is adopted between two dies which open and close rapidly to 
provide impact action that shapes the work piece. This process 
of uni axial compressive plastic deformation used to obtain 
products was shown to affect differently the mechanical properties, 
microstructure and hardness of metals. In order to understand the 
phenomenon of corrosion, it is necessary to investigate the effects 
of various factors on corrosion, among which deformation is one 
of the most important factors that strongly influence the corrosion 
behavior of a material.
 In the present work, samples extracted from the central normal 
plane and central rolling plane areas of the copper rods (dia 50mm 
x 75 mm long) subjected to 20%, 40%, 50% and 60% uni axial 
compressive deformations and un deformed ones subjected to 
different heat treatments [below Rx, Rx, above Rx] are studied 
for the severity of corrosion in 17 % H2SO4 solution. The micro 
hardness and corrosion rates by weight loss method of all the 
samples were studied and compared.

III. Experimental Procedure For Corrosion Studies
Standard samples of 10 x 10 x 5 mm thick were cut from the central 
normal plane and central rolling plane areas of all the undeformed 
and deformed as well as heat treated ones. All the samples were 
polished to give a uniform smoothness, thoroughly degreased 
using mild soap and washed with distilled water. After drying at 
room temperature for 1 hour, all the areas of the normal plane 
samples were coated with a lacquer paint which is non reactive to 
any alkaline attack except 10 x 10 mm central normal plane faces 
to study the corrosion effect on the normal faces. 
  The samples were placed in a glass bowl for corrosion studies 
in a standard 500 ml solution of 17 % H2SO4 and 83% water, 
by keeping a minimum distance of 5 mm between the samples. 
(ASTM G 46 – 94, Standard guide for examination and the 
evaluation of pitting corrosion of metals and ASTM G 67 – 13 
by weight loss method.). A mechanical stirrer was used to agitate 
the solution continuously throughout the test period to prevent the 
possible segregation of corrosion products on the copper samples. 
All the samples were taken out at a regular interval of 2 hours, and 
thoroughly washed with distilled water. After thorough cleaning 
and drying with alcohol, loss in weight was taken as a measure 
of corrosion. 
The weight losses were recorded at regular intervals of 2, 4, 8, 
10, 12, 14, 16 and 18 hrs; using a Dhona 200D Electronic balance 
of least count 0.001mg. Graphs were plotted with weight loss Vs 
time for all the central normal plane portions of the deformed as 
well as heat treated samples.
In order to perform the corrosion test on the central rolling plane 
portions, all the areas of the samples were quoted with lacquer 
paint which is non reactive to any alkaline attack, except 10 x10 
mm. central rolling plane face. The corrosion test was repeated 
for all the undeformed, deformed as well as heat treated ones. 
Graphs were again plotted with weight loss Vs time for all the 
central rolling plane portions of the undeformed, deformed as 
well as heat treated samples.
Surface morphology of the corroded was studied under scanning 
electron microscope to analyse the severity of corrosion.
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IV. Results and Discussions

A. Corrosion Rate as a Function of Corrosion Time 
The corrosion rate of as received as well as deformed and heat-
treated copper samples (Below Rx, Rx, Above Rx) from the 
central normal plane as well as from the central rolling plane are 
plotted as a function of corrosion time. Fig. 7.1 to7.10 represents 
the variation of corrosion rate with a total corrosion time of 90 
hours.

B. Corrosion Rate- Central Normal Plane
The corrosion rate of 20% deformed copper from central normal 
plane subjected to heat treatment at below, near and above 
recrystallization temperatures are noted to be 0.0416, 0.0335 and 
0.0274 gms respectively. The corrosion rate of 40% deformed 
copper subjected to heat treatment at below, near and above 
recrystallization temperatures are noted to be 0.0452, 0.0384 and 
0.0295 gms respectively. The corrosion rate of 50% deformed 
copper subjected to heat treatment at below, near and above 
recrystallization temperatures are noted to be 0.055, 0.0465 and 
0.0307 gms respectively. The corrosion rate of 60% deformed 
copper subjected to heat treatment at below, near and above 
recrystallization temperatures are noted to be 0.0642, 0.055 and 
0.046 gms respectively. The corrosion rates of the as received, and 
the copper subjected to 20%, 40%, 50% and 60% deformations 
at room temperature are found to be 0.052, 0.0572, 0.0624, 0.073 
and 0.0997 gms respectively.  
The plots drawn between corrosion rate and corrosion time, show 
similar trends in all the cases. Comparison of all the figures, it 
clearly indicates that corrosion rate is decreased with increase 
in heat treatment temperature i.e from below recrystallization 
temperature to above recrystallization temperature. This can 
be attributed that the increase in heat treatment has resulted in 
the softening of copper and there by the corrosion rate might 
have decreased. But the corrosion rate increased with increasing 
degree of deformation at room temperature. For example, the 
corrosion rates of copper subjected to 20%, 40%, 50% and 60% 
deformations at room temperature are noted to be 0.0572, 0.0624, 
0.073 and 0.0997 gms respectively which show a increase in 
corrosion tendency with increase in degree of deformation. The 
reason might be that the increase in deformation has increased the 
stress to higher levels and there by the higher hardness resulted 
in the higher corrosion rate.

C. Corrosion Rate- Central Rolling Plane
Similarly, the corrosion rate of 20% deformed copper subjected to 
heat treatment at below, near and above recrystallization temperatures 
are noted to be 0.0756, 0.0592 and 0.0545 gms respectively. The 
corrosion rate of 40% deformed copper subjected to heat treatment 
at below, near and above recrystallization temperatures are noted to 
be 0.0791, 0.0622 and 0.0472 gms respectively. The corrosion rate 
of 50% deformed copper subjected to heat treatment at below, near 
and above recrystallization temperatures are noted to be 0.0934, 
0.0649 and 0.0504 gms respectively. The corrosion rate of 60% 
deformed copper subjected to heat treatment at below, near and 
above recrystallization temperatures are noted to be 0.0992, 0.0726 
and 0.054 gms respectively.  The corrosion rates of as received 
and the copper subjected to 20%, 40%, 50%  60% deformations 
at room temperature are found to be 0.053 and 0.0628, 0.0696, 
0.076, 0.1021 gms respectively.  
The plots drawn between corrosion rate and corrosion time show 
the similar trends in all the cases. Comparison of all the figures, 

it clearly indicates that corrosion rate is decreased with increase 
in heat treatment temperature i.e from below recrystallization 
temperature to above recrystallization temperature. But the 
corrosion rate has increased with increasing degree of deformation. 
For example, the corrosion rates of copper subjected to 20%, 
40%, 50% and 60% deformations at room temperature are noted 
to be 0.0628, 0.0696, 0.076, 0.1021 gms respectively, which 
shows an increase in corrosion tendency with increase in degree 
of deformation. 
From the observations, it may be noted that the corrosion rates 
of all the copper specimens from the central normal plane as 
well as central rolling plane increase with increasing corrosion 
time as a general tendency. At the same time, the corrosion rates 
of all the copper samples also increase with increasing degree 
of deformation (20% to 60%). But it is further observed that 
the corrosion rates of the copper samples subjected to different 
heat treatments (below Rx, Rx, above Rx) from the different 
deformations also decreases substantially with increasing heat 
treatment temperatures. It can be concluded from the above 
observations that the corrosion resistance of copper subjected 
to heat treatment below recrystallization temperature enhanced 
simply and poor corrosion resistance can be cited in case of copper 
subjected to heat treatment above recrystallization temperature. 
But a different trend can be observed with reference to the 
increasing degree of deformation i.e from 20% to 60% . Further 
the corrosion rates of copper samples from the central normal 
plane are observed to be lower when compared to those of from 
the central rolling plane in all the cases. This can be attributed 
to be the high surface hardness values of the copper samples 
reflected from the central rolling plane as this central rolling plane 
is subjected to more severe plastic deformation than that of the 
central normal plane.

D. SEM Observations of Corroded  Surfaces
The normal plane and the rolling plane corroded samples were 
subjected to sem observation under Pitting corrosion has been 
observed in all the corroded samples of different deformations and 
different heat treatments. The pitting is believed to decrease with 
increase in heat treatment temperature. This can be inferred from 
the extent of pits that was observed in different samples. Further, 
the pitting corrosion is observed to increase with increasing degree 
of deformation, which is reflected in the highly deformed (60%) 
copper. The corrosion trend is observed to be similar in all the 
rolling plane samples as well as normal plane samples. But the 
extent of pitting is more in rolling plane samples rather than normal 
plane samples which can be attributed that the rolling plane areas 
are subjected to more severe stress than normal plane areas.  
The corrosion trend is observed to be similar in all the rolling 
plane samples as well as normal plane samples. But the extent of 
pitting is more in rolling plane samples rather than normal plane 
samples which can be attributed that the rolling plane areas are 
subjected to more severe stress than normal plane areas.  
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Fig. 1: Shows the Corrosion Rate of Copper Samples of Undeformed and the Same Subjected for Different Deformations

Fig. 2 Shows the Corrosion Rates of Copper Samples (Normal Plane) Subjected for Different Deformations and Heat Treatments
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Fig. 3: Shows the Corrosion Rates of Copper Samples (Rolling Plane) Subjected for Different Deformations and Heat Treatments

Fig. 4: Normal Plane - Copper-20% Deformed at Room 
Temperature

Fig. 5: Normal Plane - Copper-40% Deformed at Room 
Temperature

Fig. 6: Normal Plane - Copper-50% Deformed at room 
Temperature

Fig. 7: Normal Plane - Copper-60% Deformed at Room 
Temperature
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Fig. 8: Rolling Plane - Copper-20% Deformed at Room 
Temperature

Fig. 9: Rolling Plane - Copper-40% Deformed at Room 
Temperature

Fig. 10: Rolling Plane - Copper-50% Deformed at Room 
Temperature

Fig. 11: Rolling Plane - Copper-60% Deformed at Room 
Temperature

V. Conclusion
Following conclusions can be drawn from the present 
investigation:

The corrosion rate is increased with increase in degree 1. 
of deformation, where as corrosion rate has decreased 
with increase in heat treatment temperature from below 
recrystallization temperature to above recrystallization 
temperature irrespective of deformation and the corrosion 
time and also irrespective of the location of the specimen i.e. 
central normal plane or central rolling plane.
The corroded surface hardness values of the as received, 2. 
deformed as well as heat treated copper samples from the 
central normal plane are lower than that of central rolling 
plane, attributing that the central rolling plane has under 
gone severe work hardening and there by tends to have lower 
corrosion resistance.
 The corrosion rates of central rolling plane are slightly higher 3. 
than that of central normal plane which can be attributed that 
the central rolling plane has less corrosion resistance.
The central rolling plane as well as central normal plane have 4. 
observed the same trend of higher corrosion rate for similar 
samples subjected to heat treatment above recrystallization 
temperature followed by samples subjected to recrystallization 
temperature and below recrystallization temperature, 
attributing that the copper is fully recrystallized, when heat 
treated at 3500C for two hours, which can be considered as 

the optimum recrystallization temperature for copper.
From the SEM observations it is inferred that at lower 5. 
deformation (20%), the corroded surface is characterized 
by the formation of pits randomly along the transverse and 
longitudinal direction. It is also observed that at higher 
deformation (60%), formation of more number of pits 
continuous grooves and some damaged regions were observed 
on corroded surfaces.
A morphological study using SEM revealed that the copper 6. 
corrosion under 17% H2SO4 is with degree of deformation 
and heat treatment. The samples from central rolling plane are 
observed to have more deep pits, attributing severe corrosion 
in rolling plane areas than that of normal plane areas, as the 
rolling plane areas are subjected for severe stress resulting 
in the pile up of copper oxide at some areas.
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